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Additional list of symbols 
A Altitude 
B Bladed clasts (Sneed and Folk, 1958) 
C Compact clasts (Sneed and Folk, 1958) 
F Flatness index (Cailleux, 1947); 
Proportion of fine fractions in eqn. 6.10 
L Long particle axis 
M Intermediate particle axis 
MO Mean particle size (long axis), phi scale 
Md0 Median particle size (long axis), phi scale 
P Platy clasts (Sneed and Folk, 1958) 
pHo Initial acidity 
R Roundness index (Cailleux, 1947) 
r1 Radius of curvature of sharpest corner of 
particle (Cailleux, 1947) 
S Short particle axis 
T Temperature (in eqn. 6.10) 
t Time (in eqn. 6.10) 
VB Very bladed clasts (Sneed and Folk, 1958) 
VC Very compact clasts (Sneed and Folk, 1958) 
VP Very platy clasts (Sneed and Folk, 1958) 
CXPO 2nd index of skewness, phi scale 
(Inman, 1952) 
bo Index of kurtosis, phi scale (Inman, 1952) 
Phi unit, -log2D, where D is particle size 
in mm (see conversion table, Page, 1955) 
nth percentile in cumulative percentage On 
size distribution curve 
VI Sphericity index (Krumbein, 1941a) 
p 
Maximum projection sphericity (Sneed and Folk, 1958) 









OUTWASH D E P O S I T S 
6.1. INTRODUCTION 
The type of sedimentary structure depends on sediment 
and discharge conditions in the stream and may be highly 
variable in a single outwash deposit. Each structure is 
usually composed of a particular range of particle sizes, 
and each type of particle size grouping can be used to 
define the sedimentary facies which it comprises (section 
6.2. ). The coarsest sedimentary facies have provided the 
coarse particle samples (see Chapter 4.8.2.1. ) which are 
analyzed in this chapter in order to determine some of the 
particle features which characterize both the paleo- and 
the contemporary outwash deposits, and those which are 
found in only one of the deposits. The major features of 
the coarse particles which have been considered as useful 
criteria are: (1) particle lithology (section 6.3); 
(2) particle shape and form (section 6.4); and (3) 
evidence of post-depositional weathering processes (section 
6.5). Most of these coarse particles have diameters of 
between 20 and 40mm, but further details of the size 
characteristics of the coarse particles are discussed in 
Chapter 7. 
6.2. PARTICLE SIZE DISTRIBUTIONS AND 
SEDIMENT FACIES 
6.2.1. SIGNIFICANCE OF SEDIMENT SIZE DISTRIBUTIONS 
Sediment size distributions were first recognized by 
Udden (1914, in Krumbein and Sloss,, 1963) as being valuable 
indicators of the environment and agent of deposition. The 
shape of the distribution, in particular, has been regarded 
by many workers as one of, the main diagnostic features of 
a sediment (see below, section 6.2.2.2. ) mainly because it 
represents the physical expression of specific processes 
operating in the environment of sedimentary deposition. Size 
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distributions of fluvial sediments, for example, are 
usually closely related to the hydrodynamic and sediment 
load conditions in the stream at the time of deposition. 
The shape of the curve, and values summarizing the whole 
distribution of particle sizes in the sediment, can 
indicate the relative competency of the stream, the 
proportion of different types of sediment load, the effect 
of fluvial transport on the nature of the stream load, and 
possibly the effects of authigenic postdepositional alter- 
ations (Krumbein, 1938; Pettijohn, 1949). Comparison of 
the sediment size distributions from the Bossons and North 
Esk outwash deposits directly reflects the stream processes 
operating in each area and, in particular, the effects of 
differential sorting, winnowing and deposition of particles 
by stream currents of different strengths. 
6.2.2. SIZE DISTRIBUTIONS OF THE 
PROGLACIAL OUTWASH SEDIMENTS 
6.2.2.1. Three-fold division of sediments 
Aggregate sediment samples were collected from 
the Bossons outwash deposits. in 1971 (surface and subsurface, 
see plate 4) and in 1973 (plate 4), and from the North Esk 
outwash deposits (plate 5). All sedimentation units were 
considered acceptable for sampling, compared with the 
individual clast samples which were only selected from the 
coarsest units (see Chapter 4.8. ). The size distributions 
of the coarse clast samples are so closely related to. the 
distance of fluvial transport that further discussion of 
this topic is reserved for Chapter 7. 
A simple preliminary examination was made of the 
proportions of 'gravel' (>2.0mm), 'sand' (2.0 to 0.063mm) 
and 'silt and clay' (<0.063mm) in the series of samples. 
Many workers have employed this three-fold division of 
sediments (e. g. Folk, 1951b, 1955b; Plumley and Davis, 
1956; Royse, 1968). Folk (1955b) plotted the proportion 
of each size group on a triangular diagram, which he divided 
into fifteen sediment types each with a standard nomenclature. 
The outwash deposits are all characterized by a marked lack 
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The percentage of gravel, sand, silt and clay 
in the proglacial outwash deposits 
Outwash deposit 
Sediment size Bossons 1971 Bossons North 
surface sub- 1973 Esk 
surface surface 
Total number of 
samples 75 1 75 70 40 
1. Percentage of 
whole sediment 
GRAVEL > 2.000mm) 
-mean 67.17 68.15 68.11 54.61 
-standard deviation 14.22 12.80 15.18 26.92 
SAND (2.000 to 
0. o63mm) 
-mean 29.29 29.98 26.45 44.41 
-standard deviation 11.61 11.94 13.17 26.69 
SILT AND CLAY 
(<o. 063mm) 
-mean 3.54 1.87 5.44 0.98 
-stardard deviation 2.47 1.65 3.97 2.03 
2. Percentage of fine 
fraction (IC2,000mm) " 
COARSE-MEDIUM SAND 
(>o. 25omm) 
-mean 55.26 77.05 61.36 78.19 
-standard deviation 14.52 13.99 13.30 30.67 
FINE SAND (0.250 to 
o. o63mm) 
-mean 24.51 13.87 20.62 19.61 
-standard deviation 8.41 8.54 8.18 2.55 
SILT AND CLAY 
(<0.063mm) 
-mean 20.23 9.08 '18.02 2.20 
-standard deviation 9.29 6.36 10.25 3.47 
Average percentages of these fine fractions do not exceed 
5.5 per cent, and individual samples rarely contain more 
than 16 per cent silt and clay., The percentages of gravel, 
sand and silt and clay differ significantly among the 
outwash deposits, although certain exceptions occur (Table 
6.1b). The Bossons deposits appear tobe most similar to 
one another, particularly in terms of the proportions of 
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set of samples from the Bossons outwash sediments are, 
however, significantly different from each other, despite 
deposition within the same area. Significant differences 
would be expected in different areas, and are found between 
the Bossons and North Esk outwash sediments with respect-to 
some, but not all, sediment fractions. The North Esk deposits 
most closely resemble the subsurface sediments of the Bossons 
valley-train, which both comprise low proportions of silt 
and clay in the whole deposit and high proportions of coarse 
and medium sand in the fine fraction (Figure 6.2, page 316 ; 
Table 6.1a and b). These proportions indicate that the fine 
fractions of the North Esk outwash deposits are dominated by 
the coarser end-members to a greater extent than are the 
Bossons sediments, and that sand-rich sediments are more 
abundant in the North Esk range of samples. 
The proglacial streams in the North Esk area were 
more competent to transport coarser suspension and saltation 
loads than those at Bossons. High proportions of coarse 
and medium sands were deposited in the North Esk outwash 
deposits as high meltwater discharges subsequently declined 
to the critical depositional values. Discharges do not, 
however, appear to have fallen sufficiently to have caused 
deposition of any significant amount of silt and clay. The 
higher proportions of silt and clay in the Bossons surface 
deposits probably result from (a) falls in flood meltwater 
discharge which were large enough to allow the finer 
fractions to be deposited out of suspension to form a 
surface silt-clay veneer, and (b) aeolian fines deposited 
from the melting of an overlying snow layer at the beginning 
of the meitseason, before meltwater discharges were high 
enough to flood the bar surfaces. 
The subsurface samples at Bossons contain signifi- 
cantly lower proportions of fine sand, silt and clay than 
their surface equivalents (Table 6.1a and b). These slightly 
older, and frequently saturated sediments, possess less 
fines because (a) they lack a surface silt-skin veneer, (b) 
they were deposited by more competent streams so that all 























waters, and/or'(c) because intensive through-flow has 
removed the finest fractions through the interstices of 
the open-work gravel deposits. The similarity between 
the Bossons subsurface sediments and the North Esk paleo- 
outwash sediments suggests that they were both deposited 
by stronger currents than the surface sediments at Bossons, 
and were subsequently modified slightly by post-depositional 
groundwater flow. 
The North Esk deposits also exhibit a greater 
variability in the percentages of coarse sand and gravel 
occurring in sediment samples, whereas the Bossons deposits 
vary more considerably in the proportions of fine sand and 
silt and clay present (Table 6.1a). The North Esk deposits 
include very coarse sediments, with over 80 per cent gravel, 
as well as almost pure sand deposits, with over 95 per 
cent sand (Figures 6.1 and 6.2). None of Bossons samples, 
however, include more than 65 per cent sand. These results 
indicate that the vertical and spatial variability in 
sediment samples in the paleo-deposits exceeds the spatial 
variability in sediment samples from the present-day active 
valley-train, i. e. the spatial range of outwash sediment 
sizes present at a single time is likely to be less than 
the range of sizes present over a period of time, and 
possibly at a single locality. Variability in sediment 
type, or facies, is a function of the rate of lateral channel 
migration, vertical channel accretion (e. g. bar formation 
and bar growth), channel size, meltwater discharge and 
sediment supply. A small range of sediment size 
distributions over a proglacial area suggests that conditions. 
are relatively uniform, and that there, is a limited number 
of major facies (see further discussion, in section 6.2.2.3. . 
The greater variability in the proportions of 
gravel, sand and silt and clay in an outwash deposit reflects, 
therefore, (a) a wider range of stream flow conditions, which 
result in more rapid'facies changes'through'time'(vertical 
changes) and space (horizontal changes; -'see Chapter 7); and 
(b) the, degree to which the full range of facies has been 
preserved in, the paleo-deposits or is present at the time of 
sampling on the surface of the active valley-train. The range 
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of surface facies present is dependent partly on meltwater 
discharge and size of channels, and partly on the amount 
of silt and clay veneering bar-tops after floods or snow- 
melt. 
The amount of vertical variability in sediment size 
distributions is quite considerable in some sections of the 
North Esk deposits, although little indication is given 
simply by the proportions of silt and clay present, for they 
may constitute less than 1 or 2 per cent in each sedimentation 
unit. Site E13, for example (situated in the North Esk 
gravel pit), comprises seven major sedimentation units over 
a depth of 1.95m. The amount of silt and clay does not 
exceed 0.51 per cent in any unit (Table 6.2), but the shapes 
of the size distribution curves are highly variable (Figure 
6.3), ranging from a well-sorted, unimodal sand (sample E13D) 
to a poorly-sorted, bimodal coarse gravelly deposit (sample 
E13F), within a depth of only about 30 cm. Thus, although 
the deposits have been recognized as paleo-outwash deposits, 
a wide variation of sediment type can exist within the 
proglacial environment. 
Table 6.2 
Vertical variability in sediment size 












E13A 0.20 -2.05 2.85 0.47 0.28 o. 40 
E13B 0.53 -1.95 2.55 0.69 0.35 0.15 
E13C o. 67 -0.2 1.80 -1.08 0.75 0.05 
E13D o. 86 1.85 0.35 0.14 0.57 0.01 
E13E 1.05 1.85 0.55 0.73 0.27 0.51 
E13F 1.19 -2.50 3.10 0.60 0.21 0.23 
E13G 1.54 1.20 o. 6ä -0.08 0.75 0.17 
1 Inman's summary measures (1952) -'used in calculations. 
2 Mop phi mean, _ (016+08 ) where On is the nth percentile (6.1) 
3' (37; 
phi°' standard 'deviation`, ' ' ="1(084-016- ( 6.2) 
4, 





where NYd0, phi median, = 0,50 
5ýý, phi kurtosis, = 
(+(095-05)_0ý)/0ý ' (6.4) 
Figure 6.3 
Sediment size distributions at one North Esk site. 




















-GO -5.0 -4.0 -3.0 -2.0 . 10 0.0 1.0 2.0 3.0 4"0 
PARTICLE SIZE (phi scale) 
Depth of sediment sample below surface of outwash (cm): 
A0 to 40 E. 98 to 111 
B 47 to 59 F 111 to 127 
C 59 to 74 G 127 to 181 
Q 74 to 98 
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6.2.2.2. Particle size distributions 
Many of the outwash sediments are skewed towards 
the coarse fractions, but appear to be log-normally 
distributed when expressed on the phi-scale. The phi- 
scale was developed by Krumbein (1937,1938) from 
Wentworthts geometric class intervals (1922, in Moss, 1962), 




Particles coarser than 1.00mm are represented by negative 
phi values, and particles finer than 1.00mm by positive 
phi values. The highly skewed sediments exhibit a partial 
concave-upward curve when plotted on log-probability paper 
(e. g. samples E13D and E12, see Figures 6.4, page 321 , and 
6.5, page 322 ). 
Closer examination of skewed samples shows that they 
tend to be bi- or poly-modal, with deficiencies in the 
transitional or overlap fractions between finer and coarser 
stream load sediments (e. g. samples E10 and E33). Each 
mode represents a log-normal subpopulation, such as the 
suspended, saltation or traction load. The bi-modality or 
poly-modality of fluvial and fluvioglacial deposits has 
been attributed by many workers to the successive deposition 
of the different fractions of the stream load (e. g. Doeglas, 
1946, in Visher, 1969; Pettijohn, 1949; Passega, 1957; 
Fuller, 1961; Moss, 1962; Spencer, 1963; Tanner, 1964; 
Visher, 1969; Greenwood, 1972). Each sediment may be 
composed of several different, and possibly independent 
(Passega, 1957), size distributions which were present in 
the stream over the period of deposition, representing 
each of the varied, original sediment loads. Each distri- 
bution may respond to different laws of deposition (see 
Chapter 5.5 and Appendix 2) to produce a composite sediment 
distribution. Recent attempts to define and isolate each 
of the subpopulations in a sediment include those by Visher 
(1969), who, however, made the false assumption that separate 
curve segments of the cumulative size distribution curve 
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PARTICLE SIZE PROBABILITY CURVES 
OF SOME BOSSONS OUTWASH SEDIMENTS 












-5.00 0.13 2.28 15.87 50.00 84.13 97.72 99.87 
CUMULATIVE FREQUENCY - PROBABILITY SCALE 












.5 00 043' 2.23 15.87 50"00 8443 97.72 99.87 














rather than distributions which overlap with other parts 
of the stream load (e. g. Wentworth, 1933; Moss, 1962, 
1972; and see below). The size distribution curve 
includes too much overlap of sediment loads to allow the 
degree of sorting and the limits of each Subpopulation to 
be determined, especially when the sediment includes more 
than one modal class. 
The use of the first four 'moments', namely the 
mean, the standard deviation, skewness and kurtosis, to 
describe the sediment size distribution (see Table 6.2) 
has allowed direct and objective comparisons to be made 
between different sediment samples. Many workers have 
used a combination of these measures, and indices derived 
from them (see Krumbein, 1936; Inman,. 1952), to 
distinguish between sediments deposited in different 
environments (e. g. Folk and Ward, 1957; Passega, 1957; 
Mason and Folk, 1958; Friedman, 1961; Moss, 1962,1963; 
Greenwood, 1972). However, the four statistical summary 
measures are wholly inappropriate for bi-modal or poly- 
modal sediments (see Miller and Olson, 1955), and do not 
provide reliable, quantitative methods of comparing the 
whole size distributions, the modal classes or the size 
range of each subpopulation in the majority of the proglacial 
outwash deposits (see also Blench, 1969; Jones, 1970). 
6.2.2.3. Sediment facies description based on 
factor analysis 
An objective method of differentiating sediment 
samples using the entire sediment size distribution (see 
Appendix 3), is provided by factor-analysis (Gwyn and 
Sutterlin, 1972; Falconer, 1972). The classification of 
sediment types is not based on previous knowledge of the 
origin of the deposit as in many previous studies (e. g. 
Passega, 1957; Mason and Folk, 1958; Friedman, 1961; 
Moss, 1962,1963). Klovan (1966; Solohub and Klovan, 1970) 
demonstrated how factor analysis can produce a series of 
objective groupingsof samples, 'based on the computation of 
a few factors to explain as much of the sediment size 
variation as the original series of sieve-intervals. The 
proportion of sediment in each sieve interval is taken to 
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Table 6.3b 
Correlation matrix for variables representing 
sediment size classes in the Bossons and North 
Esk outwash deposits 
Coefficients have been multiplied by 100 and 
rounded to two significant figures (see King, 1966) 
Sediment sizes of each variable are given in Table 6.3a 
Variable number 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
1 100 
2 -16 100 
3 -25 -3 100 
4 -35 -41 42 100 
5 -27 -41 -4 64 100 Ä 6 -22 -29 -17 26 80 100 
z 7 -20 -25 -23 8 59 85 100 
8 -17 -24 -30 -13 16 42 75 100 
9 -16 -35 -40 -27 -9 14 37 77 100 
10 -12 -33 -39 . -32 -20 -9 -2 
22 73 100 
11 -12 -34 -37 -28 -19 -2 -1 8 53 89 100 
12 -13 -34 -28 -14 -11 -16s -13 1 29 54 83 100 
13 -1 -11 -10 -6 -3 -1 -2 -1 4 10 21 35 100 
14 -12 -26 -5 11 4 -15 -19 -17 -6 4 22 57 35 100 
15 -4 -17 -6 1 -2 -10 -18 -17 -11 -1 14 38 23 67 100 
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Table 6.3c 
Rotated factor matrix: factor loadings for each 
size class for the Bossons and North Esk 
outwash sediments 
(Factor loadings are rounded off to two significant 
figures) 
Vari Size Class Factor 
able lower limit 
No. 
phi mm 1 II III IV V VI 
1 =5.0 >32.000 0.11 0.18 0.07 0.18 -0.93 0.10 
2 -4.0 16.000 0.39 0.34 0.25 0.62 o. 44 0.26 
3 -3.0 8.000 0.35 0.27 0.13 -0.67 0.26 0.15 
4 -1.0 2.000 0.15 -0.42 -0.02 -0.75 0.18 0.21 
5 -0.5 1.410 0.08 -0.90 -0.02 -0.28 0.07 0.05 
6 0.0 1.000 0.06 -0.91 0.11 0.02 0.06 -0.22 
7 0.5 0.710 0.08 -0.74 0.12 0.11 0.06 -0.58 
8 1.0 0.500 -0.06 -0.26 0.08 0.10 0.05 -0.93 
9 1.5 0.350 -0.56 0.00 o. o6 0.07 0.02 -0.78 
10 2.0 0.250 -0.93 0.11 0.01 0.08 0.02 -0.23 
11 2.5 0.177 -0.94 0.09 -0.24 0.11 0.04 -0.04 
12 3.0 0.125 -o. 66 0.05 -0.64 0.06 0.06 0.01 
13 3.5 0.088 -0.11 0.02 -0.38 0.05 -0.01 -0.02 
14 4.0 0.063 -0.05 0.03 -0.89 -0.10 0.05 0.07 




degree of mutual independence and normality are assumed 
(see King, 1966). The intercorrelations between each 
variable are shown in a correlation matrix (Table 6.3b, 
page 325 ). The data have been grouped for the two areas; 
separate analyses of each area could also be made (as in 
King, 1966), but are not presented here. The correlation 
matrix provides data for the computation of factor loadings 
(Table 6.3c, page 326 ) which measure the degree of influence 
of each variable on each factor. The distribution of factor 
loadings for each factor over the range of sizes present in 
the Bossons and North Esk outwash deposits (ie. for each 
variable) is most clearly seen when factor loadings are 
plotted against sieve size class (Figure 6.6, page 328 ) (see 
also Allen et al., 1972). Six factors were found to explain 
over 80 per cent of the total variation in particle size 
distribution, with factors I, II and III together accounting 
for nearly 65 per cent of the total variation (Table 6.4). 
These six factors represent the six dominant facies types 
present in the proglacial outwash deposits at Bossons and 
the North Esk. Each factor, or facies type, represents 
a particular process which operated in the depositional 
environment to produce the measured size distribution. The 
size distributions which characterize each facies are 
determined by the highest factor scores attributed to each 
sediment sample. A single sample is rarely dominated by a 
single factor, for several factors frequently influence the 
particle size distribution. 
Table 6.4 
Explanation of variability in sediment size 
by a six factor model 
Factor 
I II III IV V VI 
Eigen value 3.7 3.35 2.28 1.20 1.05 0.77 
Percentage 24.93 22.32 15.22 8.00 7.01 5.13 
explanation 
Cumulative 
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6.2.2.4. Dominant facies types 
Facies I is most closely associated with modal 
size classes of 2.0 to 3.0 phi, and a lack of particles of 
-1.0 to -4.5 phi. Sediments dominated by facies I 
elements are, therefore, well-sorted, single-mode fine 
and very fine sands, with little fine silt or clay and 
little sediment larger than medium sand (Figures 6.6 and 
6.7; Table 6.5; nomenclature after Griffiths, 1967). 
These fine sands, with a mean size of about 2.5 0 (0.177mm), 
would require a critical mean velocity in the meltwater 
stream of about 18.0 cm/s in order to be eroded, and about 
1.2 cm/s in order to be deposited (after Hjulström's diagram, 
Figure 18; page 298, in Hjulstrom, 1935'; see later, and 
Figure 6.12, page 343 ). This sand size range includes 
the most easily eroded of all stream sediments, since they 
have the lowest critical erosion velocities. Facies I 
sediments form a very mobile fraction of the sediment load 
and are, therefore, relatively infrequent in the Bossons 
and North Esk outwash deposits (Figure 6.8, page 333 )" 
The fact that the size grades 0.177 to 0.350mm (variables 
10 and 11, Table 6.3) are the most important in factor I 
suggests that they would be the most useful size grades 
for characterizing and differentiating the deposits in 
further studies (see King, 1966). 
- Facies II is a coarse sand facies with M0 values 
of about 0.0 to -0.5 
(1.00 to 1.41mm), and little sediment 
smaller than 1.5 phi (0.35mm) or larger than -2.0 phi (4.00mm). 
These sediment sizes are also relatively easily removed, and 
consequently occur less frequently as homogeneous facies 
deposits (Figures 6.6,6.7 and 6.8; Table 6.5). 
Facies III 'comprises the finest sediment fractions, 
including some very fine sand, coarse, medium, fine and very 
fine silts, and coarse, medium, fine and very fine clays, but 
with M0 values of about Z phi (0.063mm, 'coarse silt'). This 
facies type occurs relatively frequently in both areas, com- 
prising 21 per cent of the Bossons samples and 26 per cent of 
the North-Esk samples. Facies III represents the samples in 
which the fine sediment extreme is particularly important, 
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Figure 6.7 Representative samples of the six factor facies model of 
the Bossons and North Esk outwash deposits 
B206 Sediment sample from the Bossons outwash deposits 
E13E Sediment sample from the North Esk outwash deposits 
Figures in brackets indicate the average co dominance with the other factors 
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such as in 'silt-skin' deposits or as matrix sediments 
(Figures 6.6,6.7 and 6.8; Table 6.5). 
Facies IV comprises well-sorted, coarse sediments 
with a M0 value of about -2 phi 
(Z4.0mm), and a relative 
absence of particles smaller than -1.0 phi (2.0mm) and 
greater than -3.0 phi 
(8.0mm). The mean critical erosion 
velocity required for the granules of facies IV is about 
55cm/s, while the mean sedimentation velocity is about 30 
cm/s, according to Hjulstrgm's diagram (and see Figure 6.12). 
Facies IV sediments constitute the major group of sediments 
found on the extensively exposed bar surfaces and in some 
dry channel floors, of the Bossons valley-train. Facies 
IV is one of three major facies types in the North Esk 
deposits. The similar relative importance of facies IV 
sediments in both areas suggests that (a) similar mean 
critical sedimentation velocities occurred in the meltwater 
streams depositing each set of outwash sediments, and that 
(b) bar deposits are relatively common in both sets of 
deposits (Figures 6.6,6.7 and 6.8; Table 6.5). 
Facies V. Relatively few sediment samples, particularly 
in the North Esk deposits, are dominated by this single, 
very coarse factor, with. a MA value of about -5.0 phi 
(32.00mm). 
The cobbles and large pebbles of homogeneous facies V 
sediments contain little matrix material smaller than -4.0 
phi (16.00mm) (Figures 6.6 and 6.7). Few such coarse 
sediments would be deposited without the addition of 
interstitial sands unless stream velocities were very rapid. 
Most sediment samples in the North Esk deposits clearly 
contain finer interstitial sediments so that facies V is not 
important on its own despite the fact that many of the 
coarsest particles are similar in size to those at, Bossons. 
The spatial distribution . of facies types in the proglacial 
regions may be significant in explaining the relative 
proportion of each facies in the two areas, and will be dis- 
cussed in greater detail in Chapter 7. 
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Facies VI comprises well-sorted medium sands, with a 
N0 value-of about 1.00 phi (0.50mm). The medium sand 
facies is almost absent at Bossons, but homogeneous fine and 
medium sands (including facies I and III) are relatively 
common in the North Esk deposits. These are the major 
saltation load sediments forming plane-bed structures and 
some matrix elements. Facies VI sands appear to have been 
removed by meltwaters from the Bossons valley-train since 
these sand fractions have relatively low critical erosion 
velocities compared. with the more abundant silts and clays 
(Figures 6.6,6.7,6.8 and 6.12). 
Figure 6.8 
Propo rtion of sediment samples in each facies type 
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The suites of samples from the two regions are 
fairly similarly distributed throughout each of the six 
facies types, except for facies VI (Figure 6.8). Significant 
differences in the distribution such that, for example, the 
facies types occurring at Bossons did not overlap with 
those in the North Esk deposits, would indicate that the 
size distributions of the two sets of outwash deposits 
were deposited by a different series of processes. 
Factor scores and percentage explanations accounted 
for by a single factor are, however, generally higher for 
the North Esk deposits than for the Bossons deposits. The 
Esk deposits tend, therefore, to correspond more closely to 
the 'end-member' facies defined by each factor, while the 
Bossons deposits comprise mainly 'mixed' facies deposits, 
influenced by several co-dominant factors. The sediment 
samples from Bossons are consequently more composite in 
origin than those from the North Esk outwash deposits. The 
Bossons sediments are also generally more poorly sorted and 
more highly skewed towards the coarser fractions (especially 
factor IV sediments) than the North Esk sediments. The 
relative lack of homogeneity in the Bossons sediment samples 
probably reflects deposition over a wider range of hydro- 
dynamic conditions within each depositional unit than of 
the North Esk. Coarse debris at Bossons is frequently 
surrounded by finer matrix sediments deposited during 
declining flood stages, so that the final sediment which is 
sampled contains a coarse pebble mode and a finer sand mode, 
plus silt and clay forming a fine surface veneer between the 
larger projecting clasts. The North Esk_deposits, by 
contrast, were frequently deposited under relatively uniform, 
high flow regime conditions so that the finer sediments 
forming the matrix around coarse clasts accumulated by 
entrapment rather than by. settling during a decrease in 
critical velocity. 
The contrast in sediment homogeneity between the two 
sets of deposits, largely reflects the fact that the North 
Esk sediments were deposited by actively aggrading,,, rising 
flood discharges, while the Bossons surface deposits, mainly 
comprise, sediments which were deposited during declines in 
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discharge. Fine particles deposited during waning flow 
in the North Esk outwash would have been removed in 
subsequent floods, whereas they were still preserved on 
the surface of the Bossons outwash train. 
6.2.2.5. Combinations of facies types 
The Bossons outwash sediments, being more heterogeneous 
and poorly sorted, are composed of greater combinations of 
the six major facies groups (Figure 6.9, page 336 ). A 
combination of facies types IV, VI and III, for example, 
produces a poly-modal sediment in which the modal classes 
comprise 'granules' (-2.0 phi), 'medium sand' (1.0 phi) and 
'silt and clay' (44.0 phi); the grain deficiencies separating 
the coarse saltation load (facies IV) from the interstitial 
or finer saltation load (facies VI) occur, between -1.0 phi 
and 0.5 phi ('coarse sand' of facies II), and the facies VI 
sands are separated from the suspended load facies (facies 
III) by grain deficiencies between 1.5 phi and 3.0 phi ('fine 
sand' of facies I). Many other combinations occur to produce 
a continuum of sediment curves, each dominated to a different 
degree by each of the facies types (Figure 6.10, pages 337 
to 338 ). 
The average influence of each factor on the facies 
type present varies according to the region (Figures 6.9 and 
6.10). Facies I types tend to be combined with facies II, 
III and IV at Bossons, and with facies III, IV and VI in the 
North Esk deposits. Facies I is, therefore, a common matrix 
size for the coarse sediments of facies IV; in the North Esk 
deposits facies I is also found more closely in association 
with the next finest and next coarsest sediment facies to 
produce a more homogeneous deposit formed under more uniform 
hydrodynamic conditions. Facies II is most frequently 
combined with facies I. IV and V at Bossons, where facies I 
and II represent the two major elements of the sandy 
saltation loads, and is also found as a matrix in the coarse 
sediments of facies IV and V. Facies II more commonly 
combines with facies III and VI in the North Esk deposits, 
again representing the fairly homogeneous fine-grained sediments 
typical of the North Esk proglacial deposits. Facies III 
336 
Figure 6.9 
Percentage o f factor scores of dominant factors accounted for by other factors, 
six factor facies model of th e Bosson s and North Esk outwash deposits 
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Figure 6.10 
Examples of facies IV sediment types in 
the Bossons and North Esk outwash deposits 
OF Dominant facies , COF 
Co-dominant facia ,C 
Composite series of facies 1 11 and V 
Presence of sediment Absence of sediment 
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Figure 6.10 Continued 
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sediment samples rarely remain isolated from the influence 
of other facies types in any of the outwash deposits. All 
other facies type sediments co-dominate, suggesting that 
facies III "wash load" sediments could be deposited from 
suspension at any time. The coarse sediments of facies IV 
include substantial proportions in each area of coarser 
sediments and of finer matrix sediments. Facies IV sediments 
are almost always, therefore, bi-modal or poly-modal, with 
secondary modes mainly concentrated in facies II, III and VI 
at Bossons , and in facies II, III and V in the North Esk 
deposits (see Figure 6.10). Fewer other facies types appear 
to influence the facies V sediments, suggesting that these 
coarsest fractions include a small size range of finer 
interstitial particles. The secondary modes generally consist 
of 'medium sand at Bossons (facies VI), but of 'silt and clay' 
(facies III) in the North Esk deposits. Facies V sediments 
are also often closely associated with the coarse fractions of 
facies IV. The 'medium sands' of facies VI are frequently 
found in association with the coarse saltation load of facies 
IV and with the suspended load of facies III, especially in 
the North Esk deposits. 
0 
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6.2.2.6. Particle size deficiencies 
The distribution of modal classes in each facies 
type clearly defines the size deficiency classes associated 
with each of the facies types. Deficiencies of particles 
occur over a different size range for each factor (Figure 
6.11a, page 340 ). Factor IV9 for example, is largely 
deficient in the -3.0 to -4.5 
0 size classes, while the 
size of deficiencies in the finer facies types are 
correspondingly finer. The divisions between the three 
major. subpopulations of suspended, saltation and traction 
loads, therefore, vary according to facies type. 
Grain size deficiencies representing the transition 
from bedload to suspended load sediments tend to lie in 
coarser size grades than most of those recorded by other 
workers (compare Figures 6.11a and 6.11b) (e. g. Wentworth, 
1933; Pettijohn, 1949; Yatsu, 1955; Sundborg, 1956; Folk 
and Ward, 1957; Fuller, 1961; Rogers et al., 1963; Spencer, 
1963; Tanner, 1964; Nordin and Beverage, 1965; Sla. tt and 
Hoskin, 1968; Visher, 1969; Church, 1972; Bogacki, 1973). 
Moss (1972) suggests that transitions in coarser size grades 
are associated with colder water conditions, which act to 
reduce particle settling velocities(see also data presented 
in Guy, 1970). The most commonly observed size depletions 
have been recorded in the -1 to -2 phi class 
(2 to 4mm) and 
in the 3 to 4 phi class (0.125 to 0.063mm), although a wide 
range'of size classes between 0.25 and 8mm have been 
observed to represent minima between successive modal 
classes (see also Tricart, 1961; Moss, 1972). 
The deficiencies have been attributed to several 
likely causes. Most workers consider that the deficiency 
sizes represent the junctions, or tails, of different stream 
loads, such that the-coarser-size class represents the, 
junction between'the traction and suspended load, while the 
finer size class represents the boundary between particles 
whose settling velocity is governed by the Impact Law and 
those whose settling velocity is governed'by Stokes' Law 
(see Chapter 5.5 and Appendix 2) (e. g. Wentworth, 1933; 
Fuller, 1961; Tanner, 1964; Visher, 1969). The value of 
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Figure 6.11 Particle size deficiency classes in fluvial sediments 
(a) Facies types of the Bossons and North Esk outwash deposits 
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the boundary class depends on hydrodynamic and sediment 
load conditions in the stream, in particular, the velocity 
and temperature of the stream (e. g. Fuller, 1961), and 
the availability of a wide range of particle sizes for 
stream transport. 
Other workers have noted that the particle sizes 
which are so frequently absent from fluvial sediments are 
also those with the lowest threshold velocity requirements 
to initiate movement. Selective removal of these sediment 
sizes results in a lack of particles which lies between 
two modal size classes (e. g. Nordin and Beverage, 1965; 
Meland and Norrman, 1969). These modal size classes have 
often been attributed to traction and suspended loads 
respectively, but one of these is probably truncated since 
the particles of intermediate sizes must have been removed 
as part of the stream load. Selective sorting or removal 
does not, however, account for the presence of several 
minima size classes in a single sediment distribution. 
An additional theory is that the particle size 
deficiencies result from the type of rock disintegration 
that takes place (e. g. Yatsu, 1955; Sundborg, 1956; Rogers 
et al., 1963; Spencer, 1963; see also Oilier, 1969). 
Particles larger than 2 to 1mm are mainly rock fragments, 
and when these are further disintegrated, they break down 
into their constituent mineral elements, nearly all of 
which are smaller than 2mm. Further breakdown may render 
the mineral particles into clay decomposition products. 
Kuenen (1960) found that sediments finer than 0.06mm were 
not the product of fluvial or aeolian abrasion, but had been 
produced by glacial abrasion or rock disintegration. The 
breaks in the sediment size distribution may, therefore, 
partly reflect the breaks in the size continuity of 
disintegrating particles, themselves consequently transported 
as different parts of the stream load. 
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6.2.3. CONCLUSIONS 
Variations in the types of combination of sediment 
facies which are coarser, with those that are finer than 
the major grain deficiency size classes have produced a wide 
range of size distribution curves representing the outwash 
deposits. The type of combination directly reflects the 
hydrodynamic processes operating during the period of 
sedimentation. The coarser the dominant facies, the 
greater the critical depositional stream velocity (Figure 
6.12, page 343 ) and bed shear stress; the finer the 
associated, subsidiary facies, which form the secondary 
modes, the lower the velocity fell during declining water 
stage. The proportion that each secondary facies type 
contributes to the dominant facies type represents the 
amount of each subpopulation present in the deposit. The 
proportions indicate the degree to which the stream was 
transporting, and subsequently depositing bedload, saltation 
or suspended load sediments. The coarse nature of the 
outwash deposits, with dominant facies larger than 2.00mm, 
suggests a preponderance of bedload streams, in which high 
flow regimes frequently occurred. Relatively lower dis- 
charges allowed the deposition of medium and coarse plane- 
bed, cross-bedded and interstitial sands. 
The size distribution of each subpopulation as 
defined by the factor loadings, and the proportion of each 
of the subpopulations in each sediment sample as given by 
the factor scores, demonstrates that the facies types 
present in the North Esk and Bossons outwash deposits are 
very similar. Calculations show that if facies groups are 
combined to represent the 'bedload facies' (facies V), the 
'saltation load facies' (facies I. VI9 II and IV) and the 
'suspension load facies' (facies III), each facies group 
may be redefined in terms of the proportions of each type 
of sediment load of which it-is composed (Table 6.6). The 
figures in Table 6.6 indicate that facies V, for example, 
accounts for X30 per cent of the total factor score of the 
facies group, while facies I, II9 IV and VI account for 560 
per cent and facies III accounts for S25 per cent of the 
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Table 6.6 
Approximate proportion of sediment loads in 
facies groupings 
Facies lbedloadt 'saltation load' 'suspended load' 
v '-30 =6o z5 
I 43° =50 30 iv, Vi 
III 530 X65 yz5 
facies group. Facies V represents, therefore, sediment 
samples in which less than 25 per cent of the sediment was 
transported in suspension (minimum value = 0.5 per cent), 
and at least 30 per cent was transported as bedload 
(maximum value = 86.0 per cent). Facies I. II, IV and VI 
sediment samples also contain less than 30 per cent of 
sediment transported in suspension (minimum value = 1.0 per 
cent), but also contain less than 30 per cent of bedload 
sediments (minimum value = 4.0-per cent). Facies III is 
defined mainly by its content of more than 25 per cent of 
suspended sediments (maximum value = 75.5 per cent). Over 
79 per cent of the Bossons sediment samples and over 74 
per cent of the North Esk samples fall into the tbedload' 
and 'saltation load' facies (Figure 6.8). 
The sediment load percentage values are not 
necessarily equivalent to simple percentages of each size 
grade present, since part of each discrete sediment sub- 
population overlaps with another sediment load or sediment 
sub-population (Moss, 1972) (see Figure 6.6). The overlapping 
of subpopulations occurs in the most highly mixed sediments 
and is most easily seen when all samples are plotted on a 
triangular diagram in which the three end-members are taken 
as the three major sediment subpopulations (Figure 6.13a and 
b, page 345 ). Most of the overlap occurs between the 
bedload and saltation load sediment facies groups, probably 
because many particles in these loads quickly move from one 
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suspended load sediments contain relatively high factor 
scores in all samples, as these particles tend to remain 
in suspension more easily once they have been picked up. 
The suspended load facies sediments do, nevertheless, 
contain particles which were transported at some time in 
contact with the channel floor. Samples from all the 
facies groups were, therefore, deposited by 'bedload 
streams', a major feature of both series of outwash 
deposits (see also Schumm, 1971, and Chapter 5). 
6.3. LITHOLOGICAL COMPOSITION OF 
THE OUTWASH DEPOSITS 
The lithological composition of the outwash deposits 
has been estimated from counts of the coarse particle 
samples (see Chapter 4.2.7.2. ). One aim of identifying the 
proportion of different lithologies present was to help 
determine whether variations in particle size and shape 
between different areas resulted from lithological differences 
or from differences in depositional or weathering processes. 
The main sources of material composing the, outwash deposits 
could also be established, allowing one to-, estimate the 
probable routes and distances of transport within both the 
glacial and the fluvioglacial environments. 
The Bossons outwash deposits are almost exclusively 
composed of (a) crystalline and calcareous mica-schists, - 
and (b) 'protogine, granites (see Chapters 1.4.1 and 2.1),, 
in the ratio of nearly 5 to 1 (see Figure 6.14, page 347 ). 
Minor quantities of quartzite clasts are also present. The 
distribution of the schists and granites across the valley- 
train is discussed in Chapter 7. 
The heterogeneity of lithological composition reached 
a maximum in the North Esk, Westwater and South Esk deposits, 
where nine lithological groups were identified (Figure 6.14, 
and see-Chapter 4.2.2.2). The rock types associated-with 
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Table 6.7 
Constituents of lithological groups in 
the Strathmore outwash deposits 
Lithological Constituents (plus identification 
group code) 
1 Schist 10 ) Schist, (11) Mica-schist, 
12 Quartz-schist, (13) Quartz-mica- 
schist, (14) Hornblende-schist, 
(15) Phyllite-schist, (16) Gneissose- 
schist 
2 Granite (20) Granite (21) Pink feldspar 
granite, (22j Micro-granite 
3 Gneiss 30 ; Gneiss, (31) Granite-gneiss, 
31 Schistose-gneiss 
4 Quartzite (40) Quartzite, (41) Vein quartz 
5 Altered grit (50) Altered grit, (51) Baked, 
indurated sandstone 
6 Dolerite 60 Dolerite, (61) Felsite, 
62 
1 1 
Diorite, (63) Quartz porphyry, 
64 Porphyry, (65) Greenstone, 
66 Dacite 
7 Lava 70 Andesitic lava, (71) 'red' lava, 
(Andesitic) 72 'brown' lava, (73) 'pink' lava, 
74 'purple' lava 
8 Sandstone 80 Medium-grain sandstone, 
81 Fine-grain sandstone, (82) Shale, 
83 Conglomerate, (84) Coarse or 
gritty. sandstone 
9 Others 90 Limestone, (91) Serpentine, 
92 Jasper, (93) Un-identified. 
The dominant rock types in each group listed in 
Table 6.7 are the first named constituents (i. e. codes 
ending in zero). Schist is the major rock type in each area, 
with mean proportions highest in the smaller, upland series 
of deposits (75.9 to 82.4 per cent) and much lower in the 
lowland Strathmore deposits (34.9 to 55.0 per cent). The 
lowland deposits lie almost exclusively on Old Red Sandstone 
into which lavas and igneous dykes have been intruded. Less 
than 14 to 42'per cent-(average values) of their constituent 
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lithologies, however, are derived from these lowland rock 
types. Most of these outwash sediments are clearly 
derived from within the upland basins, i. e. from within 
the area'formerly covered by ice (see later discussions, 
Chapter 7.3 and 7.6.2). The lithologies in the Bossons 
outwash also contain granites which are derived only from 
the cirque region. 
6.4. THE SHAPE OF COARSE SEDIMENT PARTICLES 
6. x+. 1. MEASUREMENT OF PARTICLE SHAPE 
6.4.1.1. Introduction 
Measurement of particle form and shape has been 
employed by many workers with several ultimate aims. The 
initial purpose of measurements was to find objective, 
meaningful and simple methods of quantifying the shape of 
a particle (e. g. Wadell, 1936; Smithson, 1939; Rittenhouse, 
1943; Cailleux, 1947; Folk, 1955a; Sneed and Folk, 1958', 
Griffiths, 1961; Andrews, 1972; see also Boyce and Clark, 
1964). Such measurements are intended to show that particle 
shape is determined partly by the rock lithology and partly 
by the agent of deposition. Particle shape measurements 
must, therefore, be related to the behaviour of the particle 
during transport and deposition i. e. they should be related 
to the particle settling velocity or axial ratios (see 
Section 6.3.1.2). Particle shape measurements have been 
used to compare the shapes of particles of different 
lithologies from similar deposits, and to establish the 
influence of the internal rock structure on the resulting 
particle shape (e. g. Wentworth, 1922,1936a and b; 
Portmann, 1956; Blenk, 1960; Griffiths, 1961). The shapes 
of particles of the same lithology have also been widely 
used to differentiate between environments, and. agents, of 
deposition (e. g. Cailleux, 1947;. Plumley, 1948;,. Tricart and 
Schaeffer, 1950; H6vermann and Poser,, 1951; Aschenbrenner, 
1956; Kuenen, 1956; Portmann, 1956; Potter and Siever, 1956; 
Blenk, 1960; Griffiths,. 1961; _Seret, 1965; Sames,: 1966; King 
and Buckley, 1968; Hills,. ; 
1969) .- Measurements of., the 
processes of deposition, such as those operating in a stream, 
have been related to rates of movement and deposition of 
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particles of different shape. These measurements have 
shown that particles of different shapes respond in 
different ways to fluvial transport, and possess different 
settling velocities, rates of bedload movement and 
orientations on the channel floor (e. g. Wadell, 1936; 
Krumbein, 1941a; Pettijohn, 1949; Dapples et al., 1953; 
Lane and Carlson, 1954; Schlee, 1957b; Sneed and Folk, 1958; 
Inderbitzen, 1959; Briggs et al., 1962; Flemming, 1965; 
Tricart, 1970; Bradley et al., 1972). Hydraulic conditions 
change throughout the length of a stream, while the distance 
over which the same particles are transported may progressively 
increase. The source of the particles, the distance of 
transport and the influence of stream processes (e. g. 
abrasion) may be recognized by downstream changes in particle 
shape (e. g. Wentworth, 1922; Krumbein, 1940,1941b; Dapples 
et al., 1953; Jewtuchowicz, 1955; Galloway, 1956; Potter and 
Siever, 1956; Schlee, 1957b; Inderbitzen, 1959; Brush, 1961; 
Pettijohn, 1962; Krumbein and Sloss, 1963). Other workers 
have measured particle shape in order to determine how it 
influences the mechanical properties of the deposit, such as 
shear strength, compressibility, permeability and porosity 
(e. g. Aschenbrenner, 1956; Flemming, 1965; Davis and Dexter, 
1972). Many workers have used a multivariate approach to 
particle shape analysis, and have attempted to determine the 
interrelationships and interactions between different measures 
of particle shape and other particle parameters, such as 
particle size (or weight) and the distance of transport (e. g. 
Krumbein, 1941b; Curray and Griffiths, 1955; Potter and 
Siever, 1956; Inderbitzen, 1959; Blenk, 1960; Brush, 1961; 
Griffiths, 1961; Flemming, 1965; Stäblein, 1972; and see 
Chapter 7). 
6.4.1.2. Index measurements of particle shape and form 
Objective measurements of particle shape and form 
have generally been achieved by the use of numerical indices, 
A wide range of shape and form indices have been proposed by 
many workers (e. g. Wentworth, 1922,1936a, b; Wadell, 1934, 
in'Sneed and Folk, 195$; Umbein, 1941a; Pye, '1943; 
Rittenhouse, 1943; Plumley, 1950; Folk, `1951a, 1955a; Allen, 
1956; Potter, -195,5)" 
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(1) Indices of particle 'shape' are based on measurements 
of intercepts, or particle axes. Shape measurements, such 
as particle sphericity and flatness, are intended to 
reflect the hydrodynamic behaviour of the particle, and are 
therefore related to the standard reference shape of the 
sphere, for which settling velocities have been empirically 
determined (see Chapter 5.4; and e. g. Wadell, 1916 and 
Zingg, 1935, in Krumbein, and Sloss, 1963; Wadell, 1936; 
Krumbein, 1941a; Cailleux, 1947; Sneed and Folk, 1958). 
Krumbein's intercept sphericity, 4J I, has been employed 
in 
this study: 
1,11 3 LM/S2 (6.6) 
where Lis the long, M is the intermediate and S is the 
short axis of the particle. Krumbein's sphericity index 
has been widely used to describe the sphericity of particles 
from a large range of deposits. Some workers, however, have 
shown that the intercept sphericity is not directly related 
to hydraulic behaviour. Sneed and Folk (1958) introduced 
an 'effective settling sphericity' index, commonly called 
the maximum projection sphericity,: 
(tip =3 s2/LM (6.7) 
Sneed and Folk have also developed a standard verbal 
reference classification of particle shape, with ten shape 
classes, based on (ii p, 
which can be determined from a 
triangular plot of S/L against (L-M)/(L-S) (see Figures 
6.15,6.16 and 6.17, pages 354,355 , and 356 respectively). 
The triangular plot, or 'form diagram' is superior to other 
graphical plots which describe particle shape (e. g. Zingg, 
1935, in Sneed and Folk, 1959 and in Krumbein and Sloss, 
1963). 
The most useful index of particle flatness, F, has 
been derived by Cailleux (19Z7): 
F= (L+M)/2$ (6.8) 
Cailleux's flatness index has been used in several studies 
of glacial andyfluvioglacial deposits (e. g. Portmann, 1955; 
1956', Galloway, 1956; Cailleux and Michel, 1967; Tricart, 
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1970). The flatness index is, however, closely related 
to particle sphericity (see Church, 1972), and since 
particle flatness is reflected in Sneed and Folk's shape 
measures, it is only used in this study to allow comparisons 
to be made with flatness measurements collected by other 
workers from other outwash deposits. 
Numerous other shape indices have been suggested, 
but they offer no improvements to those already being used 
(e. g. Smithson, 1939; Corey, 1949, in Guy, 1970; Goguel, 
1950; Portmann, 1956; Blenk, 1960; Briggs et al., 1962; 
Sames, 1966; Thebault, 1968), and the multiplicity'of 
indices only hinders the comparison of particle shapes from 
deposits of similar origin. 
(2) Indices of particle 'form' are based'on measurements, or 
visual estimates, of the-angularity or'roundness of the 
particle outline. Form measurements are intended to reflect 
the degree of abrasion which the particle has undergone to 
remove any angular protrusions. The division between 'shape' 
and 'roundness' (or 'form') measurements was first established 
by Wadell (1936, and-in Krumbein and Sloss, 1963). 
Cailleux (1947) introduced a simple and fairly 
meaningful index of 'roundness', R, ('l'indice d'emouss4' 
is really an 'index of bluntness'), which has subsequently 
been widely employed in particle form analyses. Cailleux's 
index is the ratio of twice the length of the radius of 
curvature of the sharpest corner (rj) in the L-M plane to 
the length of the maximum particle diameter: - 
R= 2r1/L (6.9) 
Tricart proposes that R values should be multiplied by 1000, 
so that roundness values lie between 0 and 1000 (Tricart and 
Schaeffer, 1950). Many workers have found that Cailleux's 
'R' `was a function of particle size, so that measurements 
must be restricted to a small size range, This limitation 
may present problems in fluvial sediments where particle size 
decreases in a downstream direction. Kuenen (1956) suggested 
that 2r1/M would be a more reliable measure of roundness 
since it is independent of maximum particle size. Results from 
the present study indicate, however, that roundness values 
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are not clearly related to particle size, and that because 
of shape consistencies within similar lithologies, the L 
and M axes are closely related. Cailleux's and Kuenents 
roundness indices, therefore, produce similar patterns of 
results. 
6.4.2. SHAPES OF PARTICLES IN THE OUTWASH DEPOSITS 
6.4.2.1. Shape of individual lithologies 
Measures of the sphericity of coarse particles 
from the Bossons, North Esk and South Esk outwash deposits 
(Table 6.8 and Appendix 4) indicate that lithologicai type 
is the most important cause of differences in particle 
shape. Schist particles are consistently less 
spherical than granite particles, the former classified as 
'bladed' and the latter as 'compact bladed', according to 
Sneed and Folk's sphericity plots (Figures 6.15,6.16 and 
6.17). The differences between the sphericity , of schist 
and granite particles are significant'in each of the three 
deposits (Table 6.9a). Sphericity values are highly 
significantly correlated with flatness values (see Figure 
6.18, page 358 )' so that schist particles are much 
flatter (mean values 2.02 to 2.21) than granite particles 
(1.59 to 1.66). Quartzites are'-similar'to granites in 
that they are 'compact bladed', very spherical, and 
exhibit very low flatness values (Table 6.8). Dolerites 
are similar in shape to the schist particles. The 
remaining four lithological groups exhibit wider variations 
in shape values, for gneiss and lava are-more spherical 
in the North Esk deposits-than. in,: the South Esk deposits, 
whereas. sandstones and altered grits tend to be, less 
spherical in the-North Esk. deposits. 
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Figure 6.15 
Shape and sphericity of clasts 
in the Bossons outwash deposits 
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Shape measurements of particles in other outwash 
deposits indicate that similar relationships still hold 
for the shape of each lithological group (Table 6.10, 
page 361). The foliated, schistose rocks continue to 
exhibit very flat shapes, and the granites and quartzites 
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Table 6.9a 
Critical significance levels calculated for 
differences in clast sphericity between each 
lithological group 
Based on two-tailed t-tests 
ns = no significant statistical difference 
(i. e. significance level is less than 0.20 
1- RfSSnWS OTTTWASH CLASPS 




Granite 0.001 - 
Z" NU±Cl'tl i 1i UU'1'WA5t1 tiLAb'1'. 7 
Litho- Lithological group 
logical Schist Granite Gneiss Quart Altere Dolerite Lava 
group zite grit 
Schist - 
Granite 0.001 - 
Gneiss 0.001 0.050 - 
Quartzit e 0.001 0.020 0.001 - 
Altered 
grit 0.010 0.050 0.050 0.010 - 
Dolerite ns 0.010 0.001 0.001 0.050 - 
Lava 0.001 ns 0.200 0.050 '0.050 0.010 - 
Sand- 
stone 0.020 0.001 0.001 0.001 0.020 0.100 0.010 
. SOUTH JSK OUTWASH CLASTS 
Litho- Lithological group 
logical 
group Schist Granite Gneiss Quart- Altered Dolerite. Lava 
zite grit 
Schist - 
Granite 0.001 - 
Gneiss ns 0.050 - 
Quartzite! 0.010 0.200 0.050 - 
Altered 
grit,, 0.010 0.050 0.100 0.100q 
Dole- 





0.200 0.050 0.200 0.100 
Sand- 
stone '0.020 0.050 0.200 0.100 ns 0.050 ns 
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Table 6.9b 
Critical significance levels calculated for 
differences in clast sphericity between each 
outwash deposit 
0utwashDeosits Litho- 
logical Bossons- Bossons- North Esk- 
group North Esk South Esk South Esk 
Schist ns 0.050 0.100 
Granite 0.010 ns 0.100 
Gneiss - - 0.050 
Quartzite - - 0.100 
Altered grit - - ns 
Dolerite - - ns 
Lava - - 0.050 
Sandstone - - 0.020 
Based on two-tailed t-tests; ns = difference is not 
statistically significant (i. e. significance level is 
less than 0.20) 
(1) Low sphericity - high flatness lithologies 
Schists, dolerites and sandstones exhibit low mean 
sphericity and high mean flatness values (14JI 40.69 and 
F> 2.00) in each deposit (Figure 6.19, -page 358 ). The 
shape of schist particles clearly reflects their internal 
structure and crystal alignment to produce foliated rock 
fragments-whose shapes do not appear to alter significantly 
during stream transport. Bradley et al. (1972) recorded 
even lower sphericity values of 0.416 on the Knik valley- 
train, but Church (1972) measured similar values of 0.68 
on Baffin Island sandar. The shape of the sandstone 
fragments also reflects the internal bedding of the parent 
rock. Variability in shape indices of sandstone is greater 
than for schists and varies according to the thickness of 
rthe original bedding planes from which the. fragments were 
derived.. The, tabular-like fragments of dolerite probably 
(result from both the internal jointing and the thin vein-like 
`intrusive structures from which the rocks of the dolerite 
group are derived. 
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Table 6.10 
(a) Sphericity values of clasts from 






Source of data 
1? 0.50to 0.80 Jewtuchowitz, 1955 
2 Siliceous 
rocks, 
16 to 32mm 0.70 to 0.76 Schlee, 1957L(outwash? ) 
3? 0.72 to 0.92 Inderbitzen, 1959 
4? 0.75 Krumbein and Schloss, 
1963 
5 30 to 80mm 











7 Mainly dolerite 0.68 to 0.75 Price, 1973 (personal 
communication) 





Source of data 
1 Sandstone 1.30 to 1.85 Richter, 1955 
Quartz 1.37 to 1.67 
2 ýGabbro 1.60 to 1.70 'Galloway v 1956 
3 Grit 1.70 Cailleux and Michel, 
, 
1967 
Flint 1.65 to 1.84 
4 Granite 1.95 in Michel Gneiss 2.50 Tremblay Michel 
Granite 1.50 and 1.60 Bouillet & Caillei 1970 Granite ,& gneiss - 1.50 Tremblay 
Granite. 1.70 Tricart, et al. 
5 Compact rocks 1.55 to 1.60 Tricart, 1970 
6 Mainly dolerite 1.66 to 1.96 ,. Price, '1973 (personal 
communication) 
7 Mainly gneiss 2.20 Crofts, 1974 
ax 
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(2) Intermediate sphericity - intermediate flatness 
lithologies 
The lithologies which exhibit greatest variability 
and also intermediate mean shape indices (Yt= 0.65 to 0.71 
and F=1.70 to 2.00) include the gneiss, altered grit and 
lava groups (Table 6.8 and Figure 6.19). The intermediate 
values reflect a greater range of origins within each 
of these lithological groups. The gneiss group, for 
example, includes both high sphericity particles, which are 
genetically most closely related to granites, and low 
sphericity particles, which are more highly compressed and 
are classified as 'schistose gneisses' (see Table 6.7). 
Crofts (1974) recorded higher flatness values of 2.2 than 
the means shown here from the North and South Esk outwash 
deposits. His measurements were based mainly on gneiss, 
basalt and schist which were the dominant lithologies. 
Church (1972) recorded slightly higher mean flatness values 
of 0.69 to 0.75 for gneiss, suggesting that the samples 
contained fewer 'schistose gneisses'. The shape of particles 
classified in the altered grit groupappears to relate to 
the shape and thickness of the grit or sandstone particle 
which has been altered, although they tend to be fairly 
spherical. The shapes of lava particles are not governed 
by particular bedding or jointing features in the parent 
rock, and so exhibit wide variability in shape, depending 
on local structural weaknesses. 
(3) High sphericity - low flatness lithologies 
Granitic rocks, and quartzites derived from them 
and from some vein structures, exhibit the highest 
sphericity values, forming 'compact-bladed' fragments in 
each area (Y, >0-71 and F 41-71). Schlee. (1957b} and Bradley 
et al. (1972) recorded similar high sphericity values for 
quartz rocks (4J= 0.70 to 0.76 and 0.71 respectively, 
Table 6.10), while Tricart (1970) also recorded low flatness 
indices for 'compact rocks' (F =, 1.55 to 1.60). The more 
compact nature of these two lithological groups reflects 
the initial regular jointing in the granitic rocks. The shape 
of particles from the contemporary and from the paleo-outwash 
deposits are, consistent for each lithological group (compare 
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Figures 6.15,6.16 and 6.17, and see Table 6.9b). Any 
internal heterogeneity of composition within each group 
and in each area does not significantly alter the major 
structural controls on the particle shapes by each 
lithological group. 
6.4.2.2. Form of individual lithologies 
Measurements of particle roundness in the three 
outwash deposits, using Cailleux's 'indice d'eMousse', are 
only similar to some of the particle roundness values measured 
by other workers in other outwash deposits (compare Tables 
6.11 and 6.13; and Figure 6,20, page 364 , and Figure 
6.21, 
page T. 367). Many values from other deposits are much higher 
Table 6.11 
Clast roundness in the outwash deposits 
(based on Cailleux's roundness index) 
Litho- Outwashdeposit 
logical Bossons North Esk South Esk 
group 
mean standard mean standard mean standard 
deviation deviation deviation 
Schist 0.129 0.020 0.253 0.051 0.181 0.068 
Granite 0.100 0.024 0.265 0.093 0.210 0.102 
Gneiss 0.114 0.097 0.248 0.101 0.179 0.125 
Quartzite 0.093 0.052 0.226 0.074 0.164 0.071 
Altered 
- grit - - 0.231 0.094 0.189 0.084 
Dolerite - - 0.188 0.090 0.168 0.068 
Lava - - 0.199 0.086 0.151 0.060 
Sandstone - - 0.207 0.088 0.180 0.079 
Sample data given in Appendix 4. 
even for similar lithological groups. The differences in 
particle roundness may be partly related to differences in 
types of rock in the samelithological group, but it seems 
likely that the very large differences in roundness values 
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fluvioglacial environment. The crystalline lithologies 
in the North Esk deposits, for example, are generally more 
rounded than the lowland lithologies (dolerites, lavas and 
sandstones) (Table 6.12a), probably because they have been 
transported over greater distances before reaching the 
site of deposition. The sandstones tend to be more rounded 
than the dolerites and lavas because they are more friable 
and much softer. Mineralogical composition and resistance 
to abrasion of each lithology, therefore, play an important 
role, together with the distance of transport, in modifying 
initial particle roundness. Further discussion of the role 
of abrasion in particle transportation is reserved for 
Chapter 7. 
Particle roundness values also differ significantly 
between the present-day and the ancient outwash deposits, 
mainly as a result of the much greater distances involved 
in the transport of sediments (Table 6.12b). The range of 
mean roundness values (Figure 6.21) tends to fall between 
lower values quoted as characterizing freshly weathered 
rock fragments, and higher values characterizing beach 
clasts (e. g. Tricart and Schaeffer, 1950; Krumbein and 
Sloss, 1963; King and Buckley, 1968). The North and South 
Esk particles of schist and granite both exhibit 
significantly greater roundness values than those at 
Bossons-(Table 6.12b and Figure 6.20). Hills (1969) 
measured roundness values of freshly weathered granite 
(from the Cairngorms), and mean, roundness=values of Bossons 
granite particles are only slightly higher (0.084 compared 
with 0.100 at Bossons). Progressive fluvial transport 
has acted to round off and smooth the particle surfaces, a 
process which has apparently proved most effective in the 
North Esk deposits, where roundness. values are significantly 
higher than in the"South Esk. deposits. Other factors also 
affect the rate of abrasion of a particle being transported 
in a fluvial environment, such as the size, resistance and 
initial degree of rounding of 'the 'particle and of associated 
particles on the stream bed. Many particles in the distal 
North Esk outwash deposits probably originated from Old Red 
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Table 6.12a 
Critical significance levels calculated for 
differences between clast roundness between 
each lithological group 
Based on Cailleux's roundness index 
1.13OSSONS OUTWASH CLASTS 
Litholo ical ou Lithological 
group Schist Granite Gneiss Quartzite 
Schist - 
Granite 0.001 - 
Gneiss 0.001 0.001 - 
Quartzite 0.001 0.001 0.010 - 
2. NORTH ESK OUTWASH CLASTS 
t L Lithological ou ho- i 
logical Schist Granite Gneiss Quart- Altered Dolerite Lava 
group zite it 
Schist - 
Granite 0.001 - 
Gneiss 0.020 0.010 - 
Quart- 
zite 0.001 0.001 0.001 - 
Altered 
grit 0.001 0.001 0.001 0.200 - 
Dolerit 0.001 0.001 0.001 0.001 0.001 - 
Lava 0.001 0.001 0.001 0.001 0.001 0.020 - 
Sand- 
stone 0.001 0.001 0.001 0.001 0.010 0.010 0.050 
"'I. 
SOUTH ESK OUTWASH CLASTS 
L th Litholo ical group o-, i 
logical Schist Granite Gneiss Quart- Altered Dolerite Lava 
group zite it 
Schist - 
Granite 0.001 - 
Gneiss ns 0.020 - 
Quart- 
zite 0.001 0.001 0.050 - 
Altered 
grit ns 0.200 ns 0.100 - 
Dolerit 0.020 0.020 ns ns 0.200 - 
Lava 0.001 01001 0.010 0.010 0.050 0.100 - 
Sand- 
stone; ns 0.001 ns 0.010 ns 0.200 0.001 
ns = the differenceris not statistically significant (i. e. significance level"< 0.200). 
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Table '6.12b 
Critical siCnificance levels calculated for differences 
in clast roundness between each outwash deposit 
Based on Cailleux's roundness index 
Litho- 0utwashdeposits 
logical 
group Bossons- Bossons- North Esk- 
North Esk South Esk South Esk 
Schist 0.001 0.001 0.001 
Granite 0.001 0.001 0.001 
Gneiss 0.001 0.010 0.001 
Quartzite - - 0.001 
Altered grit - - 0.050 
Dolerite - - 0.001 
Lava - - 0.001 
Sandstone' - - 0.001 
Figure 6.21 
Mean roundness of clasts 
from Bossons. Esk and other outwash deposits 
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Sandstone conglomerates in which crystalline particles 
are already well-rounded. The higher proportion of 
rounded pebbles in the North Esk deposits may, therefore, 
be largely related to this additional sediment source, so 
that the outwash deposits are partly 'multicyclic'. The 
more angular particles of the South Esk deposits may also 
have resulted from greater frequencies of pebble breakages 
over the longer distances of transport in the South Esk 
meltwater streams. Size and resistance of particles are 
discussed in greater detail in Chapter 7. 
6.4.3. DISCUSSION 
Particle sphericity and flatness tend to result 
directly from petrological characteristics of the rock 
particle. The major influence on particle shape is the 
initial internal structure of the parent rock (e. g. jointing, 
bedding, schistosity). Agents of transport do not seem to 
change to any significant degree the ratios of axial lengths 
which characterize particles of each lithology (see Chapter 
7.4) as they break away from the parent rock. Measurements 
of particle shape have demonstrated that other measurements 
of particle characteristics must be confined to single 
lithological groups-since their shapes may differ 
significantly from the shapes of other lithologies, as a 
result of internal structural differences. 
Particle shapes are so dominated by structural 
features that they may not necessarily act as reliable 
indicators of the agent or environment of deposition, nor 
of-the distance of transport (see also Krumbein and Sloss, 
1963). - Even fluvial transport over 15 km in the North Esk 
deposits has not produced particles of a significantly 
different mean-sphericity-from particles of the same lithology 
which have been transported only several hundred metres in 
the Bossons deposit s= Particle sphericity values of 
individual lithological: -groups-should, therefore, only be 
used with greatl-caution-as diagnostic of particles transported 
and deposited in afluvioglacial outwash environment. The 
370 
similarity of particle shapes in each deposit does, 
nevertheless, allow more reliable analyses to be carried 
out of particle orientation and size than if, the 
differences between shapes of similar lithologies were 
highly significant. 
Roundness values cannot reliably be used as a 
means of identifying outwash deppsits either, because of 
the differential effects of the distance and force of 
transport, of antecedent forms of transport or of 
weathering, which may alter the initial degree of roundness, 
and of particle sizes being transported (see Chapter 7). 
Many factors thus contribute to the variability in measured 
roundness values in the outwash deposits. Deposits of 
similar origin have exhibited different values of particle 
roundness as a result of the varying influence of each 
factor. The relative effects of some of these factors, 
summarized in Table 6.14 (page 371 ), may be estimated from 
differences in particle roundness, but the extent to which 
each factor acts to modify particle form cannot be determined 
with sufficient reliability to allow direct quantified 
characterization of different kinds of'deposits. 
6.5. POST-DEPOSITIONAL ALTERATION OF SEDIMENTS 
AND ASSOCIATED SURFACE TEXTURES OF CLASTS 
6.5.1. REVIEW OF PREVIOUS WORK 
Evidence of weathering and chemical alteration has 
been widely used to differentiate between sediments of 
different ages, based on the assumption that the degree of 
alteration is proportional to the length of time since 
deposition of the sediment particles (e. g. Dapples et al., 
1953; Horberg, 1954; Nelson, 1954; King, 1955; , Portmann, 
1955,1956; Clayton, 1957a, b, '1960; Frye and Leonard, 1957; 
Dreimanis, 1957; Dreimanis et al., ` 1957; Gage, 1958; 
Suggate, 1958; Cailleux, 196Oä) Nangeroni, 1960; Sharp, 
1960; ' Burri, 1962; Andrews and Sim, 1964+4; Seret, -` 1965; 
Denton and Stuiver, 1967; Mayr, '1969; "Barsch and Royse, 
1972; Richmond, 1972; Shotton, 1972+). Studies have mainly 
involved differentiating glacial deposits, especially tills 
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Table 6.14 
Factors affecting particle shape and form 
A. Petrographic factors 
1. Structure of parent rock 
2. Initial shape of particle 
3. Internal structure of particle (e. g. Jointing, 
bedding, schistosity) 
4. Durability of particle (e. . hardness, resistance, 
friability, porosity) 
5. Degree of mineral homogeneity 
6. Size of particle (or weight of particle) 
7. Factors 1-6 of associated particles also 
being transported 
B. Process factors 
(a) 'Singlet process 
1. Distance of transport 
2. Agent of transport 
3. Violence and vigour of transport; 
amount of impact, abrasion and 
selective transport 
4. Duration of transport 
5. Nature of stream bed 
(b) 'Multiple' or tmulticyclic' processes 
1. Previous forms. of transport 
2. Previous chemical or mechanical weathering. 
and moraines, which were deposited at different epochs 
(e. g. Leighton and MacClintock, 1930; Jaye:,, 1950,1952; 
Horberg, 1954; Ehrlich and Rice, 1955; King, 1955; 
Portmann, 1955,1956; Clayton, 1957a, 1957b, 1960; 
Dreimanis, 1957; Dreimanis et al., 1957; Gage, 1958; 
Burri, 1962; Mayr, 1969; Sharp, 1969). Fewer workers 
have concentrated on the post-depositional weathering of 
outwash deposits (see Chapter 1) mainly because they are 
frequently less, extensive than glacial deposits such as 
till, and since they lie beyond the former ice-limit, their 
association with a particular glacial, advance may not be 
clear. Several series*of outwash deposits have been 
successfully identified with the aid of weatherin# evidence 
by workers in New Zealand, North America, France and Britain 
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(e. g. Wentworth, 1936; Alimen, 1950; Suggate, 1958; 
Cailleux, 19600., 1965; Speight, 1963; Sandford, 1963; 
Vivian and Ricq, 1966; Barsch and Royse, 1972; Richmond, 
1972). 
Evidence of post-depositional weathering may be 
sought in the chemical composition or structure of the 
deposit as a whole, and in the surface texture and 
colouration of the individual particles. The degree of 
alteration of individual sediment particles has been used 
by several workers to demonstrate how weathering can alter 
the durability of particles of different lithologies (e. g. 
Kuenen, 1956; Schlee, 19576; Galloway, 1961). The rate 
of particle abrasion in a fluvial environment may be 
increased when the particles are well-weathered. The 
surface textures of particles have also been used, 
especially more recently, to distinguish different 
depositional environments. Most recent work has concen- 
trated on the surface textures of quartz grains (e. g. 
Krinsley and Funnell, 1965; Krinsley and Donahue, 1968; 
Doornkamp and Krinsley, 1971; Whalley and Krinsley, 1974), 
although other workers have looked more closely at the 
nature of the coarse particles and pebbles (e. g. -see 
Krumbein and Pettijohn, 1938; Heusser et al., 1954; Dahl, 
1955; Jewtuchowicz, 1955; Synge, 1956). The basic 
assumption of these analyses is that fluvioglacial particles 
exhibit evidence of the abrasion, scratching and attrition 
of transport in both glacial and fluvial conditions. Deposits 
of fluvial origin should, theoretically, be distinct from 
those of fluvioglacial origin, although few workers have 
successfully differentiated the two sets of deposits on 
these grounds alone-,. (see Cotton, 1942; Flint, 1971,1974; 
Crofts, 1974).. 
Valid comparison of , 
the degree of-weathering in 
deposits in different areas, and-of'different ages, presents 
several difficulties , 
because" of -the dominating effect of 
local environmental conditions on weathering processes. 
Other workers have also mentioned the problems involved in: 
comparing the rates and degrees of weathering of deposits 
in regions with very different climates (at present. and. in 
the past) (e. g. Nelson, 1954; Dahl, 1955; Sharp, 1969; 
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Richmond, 1972), but have neglected to discuss the 
processes themselves in different climatic regions and the 
depositional end-products (e. g. Peltier, 1950). A comparison 
of weathering features in the different proglacial outwash 
deposits emphasizes contrasts resulting from variations in 
the relative importance of a wide range of local environ- 
mental factors, which are summarized in Table 6.15 (see also 
Leighton and MacClintock, 1930; Dreimanis, 1957; Smith, 
1961; Dehnen and Anderson, 1962; Sharp, 1969). The relative 
influence of most of the major factors can subsequently be 
identified through analysis of the particular end-products 
of weathering summarized in Table 6.16. The origin and 
relative age of each of the deposits has already been 
established (see Chapter Z. 4) , allowing evidence of post- 
depositional alterations to indicate the types of chemical 
and mechanical weathering and structural' deformation which 
have occurred over a given period of. time, and to assess the 
value of measured 'indices of weathering' in the 
differentiation of outwash deposits of varied ages. 
Table 6.15 
Environmental factors influencing local 
weathering processes and rates of weathering 
A. Topographic factors 
1. Altitude 
2. Slope 
3. Aspect and exposure 
B. Climatic factors 
1. Amount and distribution of precipitation 
2. Nature of precipitation (snow or rain) 
3. Temperatures and amount of insolation (temperature 
range in particular) 
4. Length of frost-free season 
5. Number of freeze-thaw cycles 
C. Groundwater factors and ground ice factors 
1. Height and height variability of watertable 
2., Chemical composition of groundwater 
3. Rate of movement of groundwater-(downslope, 
dpwnwards (leaching waters) or upwards 
(capillary waters) 
4. Rate -and- direction of freezing, of groundwater 5. Depth and thickness of permafrost or interstitial ice 
Table continued... 
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Table 6.15 continued... 
D. Lithological factors 
1. Structure of particles (grain size of minerals, 
jointing, porosity, susceptibility to water 
absorption and frost cracking) 
2. Chemical composition of parent material, rock 
fragments and local sedimentary environment 
3. Size of particles; range of sizes; degree of 
comminution of particles; texture and 
permeability of sediment 
E. Transport factors 
1. Distance of transport and degree of selective 
transport of certain particle lithologies, 
sizes or shapes 
2. Agents of transport and deposition 
3. Force of transport and proportion of weathering 
products removed 
F. Biological factors 
1. Type and density of vegetative cover 
2. Action of soil bacteria and other fauna 
3. Amount of organic matter producing carbonic acids 
G. Other factors 
1. Time over which weathering has occurred (i. e. age 
of deposit) 
2. Variability of environmental conditions, either 
spatially (resulting in variability of 
weathering in different parts of the deposit) 
or through time (type of weathering may have 
altered, and particles may also have undergone 
pre- depositional weathering). 
6.5.2. EVIDENCE OF GROUND-ICE ACTIVITY 
6.5.2.1. The total deposit 
Evidence of Pleistocene ground-ice activity in the 
Strathmore outwash deposits has already been presented (see 
Chapter 4.2.1.3 and 4.2.6; Figures 4.20 and 4.21, page 
211 }. The major structural features include ice- 
wedge pseudomorphs and involutions, which truncate or 
distort the original bedding, structures. -- The former active 
layer extended to about 1m below the present surface. No 
ground-ice structures were observedTin the Bossons outwash 





exceeding 0.3m in April 1973" Surface snow and ice is 
also extensive during the winter, but they dissipate 
fairly rapidly during the meltseason, leaving no large- 
scale evidence of structural deformation. 
Table 6.16 
Post-depositional weathering processes and 
their end-products 
*End-products discussed in the text 
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i Involutions* 
ii Ice-wedge pseudo- 







dip and emplace- 
ment of clasts* 
ii Angular debris* 





ing rind and 
striations by 
frost'spalling 
of clast surface* 
a)Total deposit 





i )Polished and 
abraded particles 
('ecologliptoliths! ) 
ii Frosted grains*= 
iii Faceted_clasts or 
'ventifacts' 
iv)Pitted_particles? 
v Crescent, percus- 




Grawe, 1936; Birot, 
1950; Tricart, 
1953; Horberg, 
1954; Dahl, 1955; 
Fitzpatrick, 1958; 
Gage, 1958; McDowall, 
1960; Mani1,1960; 
Galloway, 1961; Hill 
and Tedrow, 1961; 
Johnsson, 1962; 






Cook, 1967; Embleton 
and King, 1968; 
West, 1968; Winkler, 
1968; Michel, 1969; 
Pissart, 1970; Potts, 
1970; Washburn, 1973; 
Roep et al., 1975. 
Twenhofel, 1926; 
Krumbein and Petti- 
john, 1938; Wright, 
1946; Jewtuchowicz, 
1955; Fitzpatrick, 
1958; Hickox, 1959; 
Cailleux, 1960; Kuenen, 
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1957a, b, 1960; 
Dreimanis, 1957; 




and Sloss, 1963; 
Andrews and Sim, 
1964; Cailleux, 
1965; Sandford, 
1965; Dahl, 1966; 
Vivian and Ricq, 
1966; Denton and 
Stuiver, 1967; 
Michel, 1969; 
Ollier, 1969; Guy, 
1970; Doornkamp 
and Krinsley, 1971; 
Barsch and Royse, 
1972; Greenwood, 
1972; Richmond, 
1972; Whalley and 
Krinsley, 1974. 
Leighton and Mac- 
Clintock, 1930; 
Krumbein and Petti- 
john, 1938; Reiche, 
1945; Horberg.. 1954; 
Nelson, 1954; Dahl, 
1955,1956;. Fitz-` 
patrick, 1956;. 
Frye and Leonard, 




4. Oxidation i±i)Selective concen- 
(continued) tration (by erco- ) 
lating water of 
iron and manganese 
oxides which 
indurate on des ic- 
cation to form an 
iron-pan or 
indurated layer in 
the B-horizon* 
iv)Concentrations iii) 
reduce pore space 








Gage, 1958; Suggate, 
1958; Cailleux, 
1960,1965; Nangeroni, 
1960; Sharp, 1960; 
Hill and Tedrow, 
1961; Dennen and 
Anderson, 1962; 
Speight, 1963; 
Young, 1964; Orme, 






i 'Rusty' stains on 
Glasts, ranging 
from 'spots' to 
'patches' to 
'coatings' of 
iron oxide, due to 
oxidation and 
alteration of 
minerals such as 
biotite and 
feldspar 
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Leighton and Mac- 
Clintock, 1930; 
Reiche, 19t 5; 
Dapples-et al. 91953; 
: Cailleux, 1960; Hill 
and Tedrow, 1961; 





PROCESSES END-PRODUCTS REFERENCES 
6. Hydration b) Sediment particles 








C_ MECHANICALLY INHERITED FEATURES OF SEDIMENT PARTICLES 
PROCESSES END-PRODUCTS REFERENCES 
7. Glacial action i Striated clasts* Twenhofel, 1926; 
ii Broken clasts Wentworth, 1936; 
iii 'Soled' clasts Krumbein and 
iv Faceted clasts Pettijohn, 1938; 
Cotton, 1942; 
Jayet, 9 952 1950, 
Fluvial action i) Mechanically Horberg, 1954; 
worn clasts Nelson, 1954; 
ii) Percussion Flint, 1957,1974; 
marks* Gage, 1958; Sharp, 
iii) Selective 1960; Denton and 
segregation of Stuiver, 1967; 
particles Pettijohn, 1969; 






6.5.2.2. The sediment particles 
Many workers have claimed that evidence of periglacial 
ground-ice activity can be gained from the nature of the 
sediment particles, in particular from the orientation, 
angularity and proportion of split, frost-pitted and scratched 
clasts_, (see summary in Table 6.16, pages 375 to 378 )" 
The orientation of clasts was observed and the proportion of 
cracked or-broken clasts was recorded in the Bossons and 
Strathmore outwash deposits. 
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The orientation of clasts. in thesperiglacial 
structures of the Strathmore outwash deposits was found to 
have been significantly altered (see Figure 6.22, page 380 ). 
Particles which formerly exhibiteda crude, upstream 
imbrication characteristic of the coarse, high flow regime 
fluvial deposits in the North Esk gravel pit (e. g. Figure 
5.35, page 304 have adopted a vertical-or steeply 
inclined dip wherever ground-ice activity has'been effective. 
The pit face lies parallel to the direction of stream flow 
so that apparent dips observed from'a photograph of the 
exposed section closely approximate the true dips. The rapid 
spatial variations in apparent dip indicate that measurements 
of particle dip which are used to characterize or identify 
fluvial deposits should be taken from large enough sections 
to ensure that the dips have not been distorted by post- 
depositional or pene-contemporaneous periglacial activity. 
Some workers have suggested that an additional 
indication of post-depositional ground-ice activity is the 
presence of a high proportion of split, cracked or broken 
clasts in the deposit (e. g. Peltier, 1950;,, Horberg, ` 1954; 
Fitzpatrick, "1958; Sharp,, 1960; see also, Jayet,, 1950,1952; 
Galloway, 1961; -Romans et al., 1966; Cailleux, " 1967). 
Particles are also claimed-to be more angular in deposits 
affected by ground-ice activity., Any increase in 
angularity in-the Strathmore outwash, deposits has, however, 
been offset by rounding due to fluvial transport (see Table 
6.11, page 363 
-Coarse-clasts sampled-from the-outwash deposits were 
considered 'broken' or 'split' if their outline exhibited a 
sudden break, or blunt face, or a split occurred across the 
)., 
-- clast 
(Figure 6.23, page 381, 
The-. proportion of broken`clasts in'the different 
outwash deposits, -tends, 
to'be proportional to the mean 
roundness values, for the-, 'most highly rounded North Esk and°,. 
South Esk deposits also include significantly higher 
percentages of broken clasts than'the Bossons deposits, (Table 

















Examples of broken clasts in the paleo-outwash deposits, 
North Esk gravel pit 
RENT DIRECTION -art metres 
Figure 6.24 
Percentage of broken schist clasts 
in the outwash deposits 
30 
"-ý - Bosons outwash deposits 
1 -X- North Es. outwash deposits 
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Table 6.17 
The mean percentri- e of broken ciasts in the 
outwash deposits 
Lit': o1o;; ical. tuts is}: det)osit; 
F, roup Dos-sons, North Esk ! South ask 
1. Schist 4.21 20.57 32.56 
2. Granite 5.47 27.93 33.75 
3. Gneiss 0.001 20.33 28.57 
It. Quartzite 0.002 19.47 12.87 
5. Altered grit 24.39 32.65 
6. Dolerite 30.77 43.42 
7. Lava 37.10 58.65 
S. Sandstone 38.27 57.14 
1Sample 
consisted of only 6 clasts 
2Sample 
consisted of only 16 clasts 
Sample data given in Appendix 4. 
Figure 6.25 
Percentage of broken clasts of each lithologicat group 
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either that subsurface ground-ice has been a significant 
factor in the paleo-deposits to have caused over 50 per 
cent of some lithologies to crack, or that fluvial 
activity prior to deposition has been an additional factor 
in the breakage of coarse clasts in the outwash deposits. 
The low proportion of broken ciasts in the Bossons outwash 
deposits reflects both the lack of ground-ice activity and 
the short distance of proglacial transport. The few 
particles that are split probably underwent breakages during 
glacial transport or during particle collisions while being 
transported by englacial streams flowing under hydrostatic 
pressure. The effects of differential transport and 
ground-ice activity can only be separated when observations 
are limited to particles which have clearly cracked in situ, 
and where fragments split from the same clast lie adjacent 
to one another. 
The proportions of split clasts in the Strathmore 
outwash deposits also give an indication of the susceptibility 
of different lithologies to splitting, although particle 
size is probably a contributory factor (see Chapter 7). 
Quartzite appears to be most: resistant to breakage in, each 
of the deposits, reflecting its homogeneity and, hardness 
(and see Oilier, 1969). The lithologies-which are least 
resistant to breakage include the sandstones, dolerites 
and lavas. The sandstones are relatively soft, but all 
of. these lithologies are derived from lowland localities 
and therefore are frequently much larger than the crystalline 
particles which have travelled from beyond the Fault Zone. 
The differences, in the proportion of broken particles of 
different lithologies suggests that splitting has partly 
resulted from the effects of fluvial transport, and perhaps 
of previous glacial transport too, and cannot be taken as 
unequivocal evidence, of ground-ice activity. 
The proportion of-clasts splitby-ground-ice, - 
development may, in any case, be small if, -(a)-. the Glast, 
lithologies are. not susceptible to frost action, (b) the 
ground was relatively "dry". so that, the permafrost was also 
"dry" (see Jenness, 1952),, or (c) the, annual.. frequency of, 
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freeze-thaw cycles was relatively low (see Washburn, 1973). 
Experiments on rates of frost shattering by such workers 
as Grave (1936), Tricart (1953), McDowall 
(1960), Winkler 
(1968) and Potts (1970) indicate that coarse-grained and 
granular rocks, such as granite, schist and sandstone, 
disintegrate most readily. The Strathmore permafrost is 
unlikely to have been "dry" because of the abundance of 
meltwater on the outwash plain; the ground was probably 
saturated during the meltseason as the permafrost impeded 
drainage below the active layer. The number of annual 
freeze-thaw cycles in the ground was probably quite low 
(e. g. < 5), although on the surface daily freeze-thaw cycles 
may have occurred (e. g. Jenness, 1952; Sigafoos and Hopkins, 
1952; Washburn, 1973)" A significant, but unknown, 
proportion of the split clasts were also, therefore, cracked 
by ground-ice activity. 
6.5.3. EVIDENCE OF AEOLIAN ACTIVITY 
6.5.3.1. The total deposit 
Strong proglacial winds can be important agents in 
the redistribution of silts exposed on dry tracts of the 
outwash surface. Many of the sediment size distributions 
of the surface samples at'Bossons contain relatively high 
percentages of silt and clay which may have been partly 
derived by aeolian transport from upstream areas and from 
ti 
supraglacial moraine. Pockets or layers of fine, wind- 
blown sand are not very likely to be preserved when melt- 
waters transport fluvial sediments across the formerly 
exposed surface. The degree of development of aeolian 
sediments in a proglacial environment depends , in particular, 
on the availability of fine sediment, the persistence of 
sediment-carrying winds, the moisture content of the deposits, 
which affects particle cohesion and resistance to"initial 
movement, and the nature and extent of vegetation development 
(see also`Washburn, 1973)" Sediment size distribution 
analyses presented in Section'6.4.1. show that few samples 
are wholly composed` of facies III sediments which are rich 
in silts and clays. The North Esk'outwash deposits do not 
possess any sedimentation units of aeolian origin. 
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6.5.3.2. The sediment particles 
Several workers have identified 'ventifacts' or 
'ecologliptoliths' in Pleistocene deposits, i. e. particles 
which have been abraded, polished and faceted by wind 
action (e. g. ` Jewtuchowicz, 1955; Cailleux, 1960; and see 
Hickox, 1959; Kuenen, 1960; ` Washburn, '1973; and Table 
6.16, page 375 ). No 'ventifacts' were observed in the 
coarse'particle analyses of the outwash. deposits. Grains 
of quartz from the outwash sediments, especially from 
Bossons, appeared relatively fresh (Figure 6.26, page 386) 
and did not exhibit frosted surfaces which might have 
resulted from wind abrasion (e. g. -. see Twenhofel, 1926; _ 
Krumbein and Pettijohn, 1938; Wright, 1946). 
6.5.4. EVIDENCE OF SOLUTION PROCESSES 
6.5.4.1. The total deposit 
Two conspicuous results of the percolation of 
groundwater are the development of acidic groundwater and 
the downward leaching of carbonates (see also Chapter 4.7; 
Table 6.16). Measurements of the progressive decalcifi- 
cation of sediments with increasing depth have been used 
by many workers as an index of the relative age of the 
deposits, especially of glacial tills. The degree of 
decalcification may be determined by measuring either the 
carbonate content of---'the deposit at each horizon (e. g. 
Leighton and MacClintock, 1930;. Horberg, 1954,1956; 
Portmann, 1955; Clayton, 1957b; Dreienanis, -1957; Frye and 
957 s Hill - and , 
Tedrow, 
,: -1961 ; ., 
' Andrews' and -Sim, Leonard, 1957; ` 
1964; Seret, 1965,1968; Orme, 1966; 'Denton and Stuiver, 
1967; Michel, 1969),. or by measuring the acidity or pH 
value of the sediment (e. g. Nelson, 1954; 'Ehrlich and-Rice, 
1955; Suggate, '1958; Hill and Tedrow,, 1961; ' Viereck, 
1966; Romans et al'., 1966; 'Rutherford, 1969; -Sharp, "1969; 
Barsch and Royse, 1972), 'which is the method employed in 
this study (see also Chapter 2.6. ). -Comparison-of 
pH values-in different regions is 
complicated by the fact that-they'reflect not'only'the 
calcium carbonate content of the deposit after differential 
periods of leaching, but other environmental factors as well. 
Figure 6.26 
Examples of quartz grains 
from the Bossons and North Esk outwash deposits 
(a) Bossons outwash deposits, sample B59 
millimetres 






Acidity is also partially determined by the particle size 
of the carbonate fragments (for the coarser particles take 
longer to be leached), the original carbonate content of 
the deposit, and therefore its composition. The permeability 
of the deposit, and hence the rate'of groundwater percolation, 
is also important (Ollier, 1969), together with the altitude 
and amount and type of precipitation, for acidity decreases 
with increasing rainfall and increases with increasing snow 
amounts. Certain biological and chemical activities decrease 
abovea certain altitude, while the presence of buffers to 
increasing alkalinity, such as humus, clay, and some 
vegetation types, can also prove important. Changes of 
acidity are very gradual over time, and'Ehrlich'and Rice 
(1955) state that a pronounced decrease of acidity only 
occurs after nearly all the carbonates have been dissolved 
and removed. 
The Bossons outwash deposits are significantly more 
alkaline than the North`Esk outwash deposits (Table 6.18). 
Table 6.18 






deposit mean pH n 'mean pH n 
value 'value 
surface deposits 6.73 75- outwash, deposit : 5.4: 3 22 
sub-surface ice-contact 
deposits (-10cm) 6.49 75 fluvioglacial 
western lateral 
deposits 5.33 29 
moraine 7.19 16 ttopsoils' over 
eastern'' lateral 
lying. outwash 




terminal moraine 6.76 8 
present-day 
fluvial and 
bank deposits 6.45 19 
n, =. number of samples. 
The greater acidity of the paleo-outwash deposits largely 
reflects the high degree of leaching that has taken place 
over a prolonged period of time. Some factors have, 
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however, contributed to a relatively more rapid rate of 
leaching than might be expected at Bossons. Firstly, 
the North Esk deposits were probably less calcareous 
initially than the Bossons outwash deposits which are rich 
in calcareous schists (see Figure 6.14, page 347), and 
secondly, more rapid rates of solution at the lower 
altitudes would be enhanced by comparatively warm conditions 
throughout the year (e. g. Timms, 1974), and by the develop- 
ment of a vegetative cover which encourages the development 
of humic acids. Other factors may have acted to reduce the 
rate of leaching. The North Esk deposits possess lower 
percentages of fine fractions, particularly as a matrix in 
the bulk of coarse sediments, hence reducing the availability 
of easily leachable carbonate fragments. The North Esk 
outwash sediments also tend to be better'sorted than the 
Bossons sediments, so that the rate of groundwater 
percolation would be hindered. Maximum rates of leaching 
(L'ax: ) thus result from large 'values' (+) of time (t), 
temperature (T), and fine fractions (F), and low 'values' 
(-) of initial alkalinity (p110), sediment sorting 
(so) and 
altitude (A): 
Lmax f(t+v T+r F}, pHo" Sot ýý (6.10) 
Subsurface samples at Bossons are slightly more acid 
than their surface equivalents (see Chapter 2.6), reflecting 
either rapid leaching, saturation by more acid groundwater, 
or'lack of fine fractions. The lower horizons of the North 
Esk deposits, by contrast, tend to be more calcium-enriched, 
although no regular pattern of pH changes with depth may be 
recognized. Alkalinity in several sections 
(e. g. E13, E33, 
E19) gradually increases from between 4.4 and, 5.7 near the 
surface to maximum values of between 5.7 and 8.5 at an 
average depth of about 1.0m. This 1. Om depth appears to 
represent the zone of induration in which calcium carbonate 
has become concentrated. The indurated layer probably, 
represents thebase of the active layer, where leaching 
groundwaters were prevented from penetrating any deeper 
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during the meltseason by the underlying permafrost 
(see 
Chapter 4.7). The sediments are also partially leached 
beneath this zone, as a result of percolation as the 
permafrost thawed out, and by groundwater movement governed 
by, the 'regional' water-table rather than the locally 
impeded saturated zone above the indurated layer. 
Measurements from other outwash deposits, and from 
other associated deposits, show that the older deposits 
are'consistently composed of more acid sediments, despite 
regional differences in the. five other main environmental 
and sedimentary features which can affect the rate. of 
leaching, (i. e. _T, 
F, pHo, S0, and A in equation 6.10) 
(compare Nelson, 1954; Ehrlich and Rice, - 1955; Suggate, 
1958; Viereck, 1960; Hill and Tedrow, 1961; Romans et 
al., 1966; - Rutherford, 1969; Sharp, 1969). 
- 
6.5.4.2. The sediment particles 
Particles may exhibit several types of surface feature 
resulting from solution processes (Table 6.16). The pitting 
of clasts was considered the most.. amenable to direct 
observation, and the number of particles of each lithology 
in each deposit which were 'pock-marked' by 'pin-hole' 
cavities (see Figure 6.27, page 390 )-was recorded. Many 
workers have remarked on the presence of pitted particles' 
in paleo-deposits-(e. g. Schlee, 19576; Williams, -1973), 
although their origin has been ascribed to-frost action 
(e. g. Sandford, 1965) and to aeolian activity (e. g., 
Twenhofel, 1926;, Wright,, 1946; - Hickox, 1959; 'and see Bird, 
1967), as well as to solution processes (e. g. Krumbein and 
Pettijohn, 1938; Horberg, _1954; 
Doornkamp and Krinsley, 
1971; Barsch and Royse, 1972;, Whalley and Krinsley, 1974). " 
The process of pitting-which results from solution is'the 
most plausible and widely accepted process. Acid ground- 
water gradually dissolves the most soluble minerals on 
the surface or in cracks of-the particle 
(Oilier, 1969).. 
Moisture then penetrates these weak spots, -and'continues 
through the outer skin towards the centre of the particle, 
rather than spreading out over the surface. Progressive 
and extensive pitting may result-in the, amalgamation of,. 
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complete disaggregation of the rock particle occurs. 
Particles from the Bossons outwash deposits exhibit 
significantly fewer pitting marks than particles from the 
paleo-deposits (Table 6.19 and Figures 6.28 and 6.29, page 
392 ). The Bossons particles are, nevertheless, more 
highly affected by solution pitting than one would expect 
in such recently formed deposits. The extent of solution 
pitting per particle is, however, much smaller at Bossons 
than in the paleo-deposits. 
Table 6.19 
The mean percentage of coarse particles 
exhibiting pitting features in the 
outwash deposits 
Lithological Outwash deposit 
group Bossons North Esk South Esk 
1. Schist 17.74 62.54 38.27 
2. Granite 11.72 78.21 55.81 
3. Gneiss (25.00)1 71.54 65.22 
4. Quartzite ( 7.69)2 63.72 48.28 
5. Altered grit 61.79 63.64 
6. Dolerite 52.99 60.49 
7. Lava 79.84 84.84 
8. Sandstone 46.91 45.54 
only 6 particles sampled 
2only 16 particles sampled 
Sample data given in Appendix 4. 
Some lithological groups appear to be more susceptible 
to solution pitting than others, although the variability 
between the percentages of pitted clasts in the North Esk 
and South Esk deposits is quite high. Crofts (1974) found 
that 36 per cent of South Esk clasts were pitted, compared 
with 24 per cent in the North Esk deposits (based on: a total. 
of 198 clasts). The present data show that the most highly 
pitted lithological group, comprises'the lavas. __ 
Crofts also 
noted that the basalts were'pitted. The lavas are generally 
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Figure 6.28 
Percentage of pitted ctasts of each lithological group 
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Figure 6.29 
Percentage of pitted schist costs 
in the outwash deposits 
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0 Bossons outwash deposits 
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composed of a microcrystalline matrix surrounding small, 
scattered 'phenocrysts' which are dissolved more rapidly 
leaving pits, hollows and cavities. The relatively high 
percentages of pitted clasts of granite (in the North Esk 
deposits, in particular) and of gneiss also result from 
the selective solution (and additional hydrolysis, see 
Section 6.4.7. ) of feldspars, leaving a. well-pitted 
surface (see also Pitty, 1971). The sandstones exhibit 
least pitting in each area, followed by schist and quartzite 
particles in the South Esk deposits. The surfaces of 
sandstone particles are usually coarse and granular, or 
fine and friable, so that the particles are likely to 
split (Section 6.4.2. ) or crumble before pit structures 
can become well-developed. Schists are also' relatively 
friable, and pits do not have time to develop before 
flakes of-mica, or rock fragments, break off. Quartzite 
is often considered to be most resistant to chemical 
solution (e. g. Oilier, 1969), but even in the paleo-deposits 
over 45'per cent (mean value)of coarse particles exhibit 
pitting structures. Many of the pits appear to-have been 
'superimposed' from an adjacent section of-the particle 
which has since disintegrated, so that the pits may, 
represent the effects of solution in structurally weaker 
parts of the quartzite particles, and where quartzite and 
the adjacent mineral were locally intermixed. 
---The proportion of pitted particles, in a deposit- 
provides a useful clue to the relative age of the deposit, 
despite local differences in rates of solution, especially 
when coarse-grained, polymineralic lithologies-are present. 
6.5.5. EVIDENCE OF OXIDATION PROCESSES 
6.5.5.1. The total deposit 
- Oxidation of a deposit is rendered-visible. -by a 
reddish-brown discolouration which"represents-ýthe, ýformation 
of-ferric oxide (see Figure 4.22, page 212 ). ý Iron compounds 
are both 'disseminated throughout the lower horizons and 
concentrated locally into bands'and'patches along, a few, 
selected horizons 'by the-downward`percolation-ofý'groundwater. 
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Black bands or patches of black discolouration are 
attributed to selective concentrations of oxidized 
manganese, which also tend to accumulate along the 
'iron-pan' of the indurated layer. Several irregular 
oxidized layers are frequently observed, however, which 
result either from vertical movements of the water-table 
or, from the localized development of segregated ice, 
causing local impediments to drainage (Cailleux, 1965). 
6.5.5.2. The sediment particles 
Particle surfaces may exhibit a range of reddish 
discolourations, according to the degree of oxidation of 
iron which has occurred, and which appear as spots, 
patches or coatings of iron oxide. The most frequently 
noted feature of oxidized particles in paleo-deposits is 
the development of a weathering 'rind' (e. g. Hill and 
Tedrow, 1961; Young, 1961+; -Ollier, 1969) 
(also defined 
asa 'rim' by Nelson (1954) and Dennen and Anderson (1962), 
a 'skin' by Dahl (1966), and a 'crust' by Alimen (1950) 
and Dahl (1955) )" The reddish-brown rind extends into 
the stone, sometimes for several centimetres, and if the 
particle is large enough an unweathered grey core is left 
in the centre, known as the 'corestone' (e. g. Galloway, 
1961; Ollier, 1965). The thickness of the 'weathering 
rind' has been used by, several workers to help differentiate 
between glacial deposits of different^ages (e. g. Nelson, 
1954; and see Dahl, 1955). However, the thickness of the 
oxidized rind depends on a variety of local factors such 
as the local chemical environment (e. g. acidity of ground- 
water, aerobic or anaerobic conditions), the lithology of 
the particle and its iron content, irregularities of the 
particle surface (polymineralic surface, fractures or pits), 
and the depth below the surface, as well as the time over 
which oxidation has taken place. Irregularities of the 
particle surface allow more rapid oxidation in more 
favourable. parts of the clast, so that the thickness of 
the, rind may be, -quite uneven. 
The thickness of the rind 
cannot be accurately measured if the whole particle is 
discoloured, leaving no corestone, such as occurs. with small 
particles, or where oxidation has been intense. _ 
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Weathering rinds reached a maximum thickness of 
10mm in iron-rich dolerite particles of the North Esk 
outwash deposits (e. g. several clasts in Figure 6.30, 
page 396 ). Other workers have recorded fairly similar 
values from other regions. Horberg (1954) measured rinds 
only 3mm thick in diorites in'early Wisconsin drift in 
Alberta; Dahl (1966) recorded similar values for schists 
(1 to 5mm) and quartzites ('several mmt), but much 
greater thicknesses for granites (10 to 30mm) in deeply 
weathered regions of the Narvik Mountains. Hill and 
Tedrow (1961) found that weathering rinds in an Arctic 
environment are thickest on sandstones, and photographs 
indicate thicknesses of about 7mm. Dahl"(1955), however, 
points out that frost splitting may remove a weathering 
rind, so that comparison of data from different regions 
still remain difficult to interpret. Nevertheless, the 
fact that no weathering rinds were observed in particles 
from the Bossons outwash appears significant. 
6.5.6. EVIDENCE OF REDUCTION PROCESSES 
Reducing conditions may have been present in the 
North and South Esk proglacial regions when the upper 
gravel horizons were saturated during floods or impeded 
drainage. Blue, clayey deposits, rich in sulphides and 
organic deposits are found in the downstream banks 
bordering the Bossons valley-train, which are saturated 
throughout the meltseason. Reducing conditions would be 
replaced by oxidizing conditions associated with deactivation 
of the valley-train. Oxidizing conditions probably became 
prevalent in the Strathmore deposits as soon as water levels" 
fell, and the outwash plain was also de-activated or 
abandoned by surface drainage as channel entrenchment 
proceeded. 
6.5.7. EVIDENCE'OF HYDRATION AND 
OF HYDROLYTIC PROCESSES 
6.5.7.1. The total deposit 
Hydration is the absorption of water by particle, 
elements and hydrolysis is the subsequent chemical' reaction 
of the particle elements with the absorbed water. Prolonged 
)]v 
Figure 6.30 
Examples of weathered Glasts and weathering rinds 
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hydrolysis usually results in the formation of authigenic 
clay minerals such as kaolinite, montmorillonite and 
illite, and the decomposition of some heavy minerals. The 
formation of new minerals results in the chemical breakdown 
of rock fragments, which eventually disintegrate (see Oilier, 
1969). 
6.5.7.2. The sediment particles 
The degree of decomposition of clasts from the 
outwash deposits has been recorded as an indication of the 
efficiency of hydrolytic processes in the deposits of 
different ages. Some workers have claimed that rock 
disintegration results largely from frost action or from 
differential temperature changes (e. g. Birot, 1950; Peltier, 
1950; Horberg, 1954; Dahl, 1955; Gage, 1958; Galloway, 
1961; Romans et al., 1966; Potts, 1970), but Falconer 
(1969) states that differential volumetric expansion of each 
mineral exposed on the surface of the particle, as a result 
of hydrolysis, is usually the main cause of granular 
disintegration of polymineralic rocks (see also, Hill and 
Tedrow, 1961; Oilier, 1969; Guy, 1970). Evidence of 
decomposition of clasts in-the outwash. deposits included 
crumbliness, dampness and incoherence. 
The paleo-outwash deposits were found to contain 
significantly higher proportions of decomposing. particles 
than the present-day outwash deposits (Table 6.20 and 
Figure 6.31, page 396 ). The South Esk deposits include 
Table 6.20 
The mean percentage of coarse particles exhibiting 
decomposition features in the'outwash deposits 
Outwash deposit 
Lithological Bossons North Esk South Esk 
group 
1. Schist 2.14, 31.27 23.47 
2. Granite 2.00 51.35 26.02 
3. - Gneiss (0.00 2 `28.13 12.50 
4. Quartzite 
) 
(0.00 9.40 4: 30' 
5. Altered grit .. 21.95 . 
13.14 
6. Dolerite 23.28 
. 
18.84 
7. Lava 43.09 -21.13 





Sample data given in Appendix 4. 
398 
slightly fewer decomposing particles than the North Esk 
deposits, with significantly fewer granite, gneiss, 
lava and sandstone particles exhibiting decomposition 
features, although the two deposits are considered to be 
contemporaneous. These differences may have resulted 
from several factors, including different local environmental 
conditions (water-table conditions, acidity, and different 
proportions of lithological types), the degree of pre- 
glacial or pre-depositional weathering, the complete 
disintegration of particles so that fewer remain to be 
sampled, and measurement error. Replicate measurements 
indicate that only 2.25 per cent of particles may have 
been miscoded as decomposing particles, compared with 14.25 
per cent of pitted particles, and 0.58 per cent of broken 
or split particles. 
Chemical decomposition through hydrolysis proceeds 
most rapidly in the coarse, polymineralic, jointed granites. 
Over 50 per cent of granite clasts in the North Esk 
deposits have undergone some degree of chemical decomposition, 
in particular through the hydrolysis of the feldspars and 
biotites. The schist, lava and sandstone groups also 
include high proportions of decomposing particles, the former 
two lithologies possessing some coarse minerals of varied 
composition, and the sandstones possessing matrix and 
bedding structures which readily absorb moisture. Altered 
grits and quartzites are least decomposed, mainly because 
of their uniform composition, whichIis, in any case, 
relatively resistant to chemical reactions'(Ollier, 1969). 
The micro-crystalline rocks'such"as dolerite'and rocks such 
as gneiss, in which different minerals are well segregated, 
exhibit intermediate degrees of decomposition. 
6.5.8. EVIDENCE OF-THE EFFECTS OF- 
ON CLAST SURFACE TEXTURE 
6.5.8.1. Evidence of glacial activity 
Some surface textures of clasts may have been inherited 
from processes operating before , and 
during. deposition (compare 
quarz grain textures studied by Krinsley, e. g. Krinsley and 
Funnell, 1965; Krinsley and Donahue, 1968; Doornkamp and 
PROCESSES: 
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Krinsley, 1971; Whalley and Krinsley, 1974). Most fluvio- 
glacial particles have been transported at some time within 
the source ice-mass. They may have been transported by 
meltwaters flowing directly from the ice-snout, or flowing 
over earlier glacial deposits such as till. Many workers 
<(e. g. Twenhofel, 1926; Wentworth, 1936; Cotton, 1942; 
Pettijohn, 1949; Jayet, 1955; and see John, 1972) have 
commented on the presence of 'striated', 'soled' and 
'faceted' pebbles in fluvioglacial deposits, features which 
are considered to have been derived directly from abrasion , 
in a glacial environment (Figure 6.44). However, striations 
can be removed very rapidly once the particles are trans- 
ported by water (e. g. Tweinhofel, 1926; Davies, 1969; Flint, 
1957,1974; and see Dahl, 1955), while some scratches may 
even. have been imposed during fluvial. -transport,. 
(e. g. see 
Schlee, 19576)" 
The greater distances, of meltwater transport in the 
. 
South Esk deposits may-have caused most lithologies to 
have lost a larger proportion of any'striation marks than 
the North Esk deposits (see Table 6.21, page 402 ). Clasts 
from the Bossons outwash deposits exhibit significantly 
-fewer striations than those-from the Strathmore deposits 
, 
(Table 6.21 and Figures 6.32, page 400 , and 
6.33, page 401) 
even though the Bossons clasts all lie within 250m of the 
glacier. The Bossons outwash particles: may not have 
undergone as much glacial transport as the North and South 
Esk particles. Other factors might have;, influenced the 
degree of particle scratching within theAce-mass, such as 
'the density of particle packing and the pressure of ice. 
Some lithologies'are more receptive to scratch-, 
inducing processes than others which might crumble under 
the force, rather than bear the scratch... *Quartzites and 
altered grits, for example,: would not only receive striations 
without disintegrating the rock, but. would retain'them 
longer than other lithologies, becauseof-their, resistance 
to fluvial abrasion. Sandstones and schists are. more: likaly 
to crumble, -and--to lose,,, any'striations"while-in fluvial- 
transport. Shallow striations'may not., -, 
even, -be 
. visible on an 
4oo 
Figure 6.32 
Percentage of striated ctasts of each tithologicat group 
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Figure 6.35 
Percentage of clasts exhibiting percussion marks 
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Figure 6.33 
Examples of striated clasts 
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Figure 6.34 
Examples of ciasts exhibiting percussion marks 







irregular pebble surface such as that of a granite clast. 
The predominance of granite and schist clasts in the 
Bossons deposits may account for the comparative paucity 
of striated Glasts, where the distance of glacial transport 
was also relatively short. 
Table 6.21 
The mean percentage of coarse particles exhibiting 
striations in the outwash deposits 
Lithological Outwash deposit 
group 
Bossons North Esk South Esk 
1. Schist 0.35 7.66 2.75 
2. Granite 0.00 8.54 2.74 
3. Gneiss (0.00)1 10.28 6.25 
4. Quartzite (0.00)2 6.86 11.83 
5. Altered grit 13.45 9.49 
6. Dolerite 12.61 2.90 
7. Lava 5.04 1.55 
8. Sandstone 4.82 2.74 
Sample data given in 16 
clasts 
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clasts Appendix 4. 
6.5.8.2. Evidence of fluvial activity 
Evidence of fluvial activity in the form of size 
distributions, shape and imbrication of clasts, and bedding 
structures, has been presented-elsewhere-(Chapters 6.2, 
6.4 and 5.6), but several wörkers have'also described 
'percussion marks' on the surface of fluvial clasts, which 
are considered to have been formed by clast collisions 
durin stream trans ort Fi e 6.401 gp( gar 34; pageXand see Krambein 
and Pettijohn; '1938; 4Sharp,, 1960). The percentages of 
clasts exhibiting these crescentic-like-percussion features 
are-so-high-in-each deposit'that they appear to support the 
hypothesis that they are-fluviatile'"in origin (Table 6.22, 
Figure 6.35, page' 400-). Quartzites 'are most -percussion- 
marked-sincethey have a'greater ability to withstand surface 
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fracturing without breakage of the whole particle; many 
sandstones, by contrast, break on impact rather than 
allowing only part of the surface to flake off leaving a 
percussion mark. 
Table 6.22 
The mean percentage of coarse particles exhibiting 
percussion marks in the outwash deposits 
Lithological 0utw sh deposit; 
group Bossons North Esk South Es 
1. Schist 89.72 87.83 83.09 
2. Granite 81.60 83.24 71.23 
3. Gneiss (50.00)1 85.16 87.50 
4. Quartzite (92.31)2 94.02 97.85 
5. Altered grit 82.93 86.13 
6. Dolerite 85.34 77.54 
7, Lava 87.80 85.05 




Sample data given in Appendix 4. 16 
6.6. SUMMARY AND CONCLUSIONS 
Analyses of several. particle, characteristics have 
demonstrated that the major sedimentary facies types are 
present in both the contemporary and the paleo-outwash 
deposits. Facies IV and V comprise large proportions of 
sediment larger than -1.0 phi (2mm), with varying quantities 
of sands forming the . secondary. modes, or matrix portions. 
The facies distributions directly reflect; fluvial processes, 
for the coarse facies, form the plane-bed torrential deposits 
in which the large debris represents bed-load sediment, and 
the secondary modes represent sedimentation from the 
saltation and suspension loads.,, The clasts, which were 
sampled, from the coarsest, facies,.. included_similar. 
proportions, of schist and granite, and each lithological 
group, possessed similar shape indices. The proportion of 
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coarse particles which exhibited percussion marking as 
a result of fluvial transportation was also similar in, 
each deposit. 
Some distinct differences between the two sets of 
deposits may have arisen from the selection of samples 
from the outwash surface rather than from below the 
surface at Bossons. The percentages of silt and clay in 
the facies types, and the degree of facies intermixing, 
are consequently greater at Bossons than in the paleo- 
deposits. Another difference has resulted from greater 
distances of transport in the North Esk and South Esk 
deposits. Particle roundness is significantly higher in 
the paleo-deposits, averaging only 0.129 for schist 
particles at Bossons. compared with 0.181 to 0.253 in the 
Esk deposits. Downstream abrasion has clearly played 
an important role in modifying particle roundness in the 
, older deposits. Evidence of post-depositional weathering 
activity has also created some important distinctions 
between the two sets of, deposits. Ground-ice activity 
has locally altered the characteristic upstream dip of 
the fluvially imbricated particles to near-vertical dips; 
progressive leaching of the deposits has acted to increase 
overall acidity and to concentrate iron and manganese 
compounds as an 'iron-pan' at the indurated layer situated 
at the former upper limit of permafrost. Solution, 
oxidizing and hydrolytic processes have actively attacked 
large proportions of particles, gradually causing them to 
disintegrate, while particles at Bossons are still 
relatively fresh. 
The measures which have proved to be most useful in 
confirming that the two sets of deposits are proglacial 
outwash deposits have included the dominant facies type and 
the range of facies types present, as recorded from a suite 
of representative samples. Particle sphericity and the 
degree of percussion marking have also demonstrated the 
similarity in origin of the deposits. The relative ages of 
the deposits have been confirmed largely through observations 
of acidity and surface textures, which have been altered by 
mechanical and chemical weathering processes occurring over 
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Additional list of symbols 
Rate of particle abrasion (Sternberg's abrasion law) 
Predicted particle size at ice-margin 
Predicted particle size at 10m from ice-margin 
Predicted particle standard deviation at ice-margin 
Predicted percentage of particles present at 
ice-margin 
Predicted roundness of clasts at ice-margin 
Rate of downstream change in mean clast size 
Rate of downstream change in mean clast 
standard deviation 
Rate of downstream change in percentage of 
particles present 
Rate of downstream change in mean clast roundness 
Contemporary, deposit (in Table 7.13) 
Dry channel in mid-channel bar study 
Coefficient of abrasion in Sternbergs abrasion 
law (: eqn. 7.1 
Slope coefficient in exponential function of 
roundness-distance curve 
Durable clasts (in ß plots) 1.2 
Random factors influencing rate of abrasion 
(eqn. 7.2) 
Variance ratio 









per unit width 
(after Einstein, 1950) 
per unit width 
(after Meyer-Peter and 
Müller (i) 
per unit width 
(after Meyer-Peter and 
Moller (ii) 
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H Sum of hydrodynamic factors 
k/k' Constant in bedload equation Meyer-Peter and 
Müller, -- 1.0 
L Relative resistance of clasts of different 
lithologies; Percentage of clasts in each 
lithological group 
ND Non-Durable clasts (in 01.2 plots) 
NS Non-Sorted clasts (in (31.2 plots) 
n Number of samples 
P Paleo-outwash deposits (in Table 7.13) 
q Meltwater discharge 
R Clast roundness 
Re Reynolds number 
Ro Clast roundness at ice-margin 
S Sorted clasts (in f31.2 plots); Sandur deposit (in Table 7.13) 
S. D. k. Standard deviation of residuals 
T Distance of transport from ice-margin (plotted relationships) 
t Terracette in mid-channel bar study 
VT Valley-train deposit (in Table 7.13) 
Mean meltwater velocity 
W Sum of weathering effects (eqn. 7.2) 
Y Particle size in theoretical regression equation 
Yo Particle size at ice-margin in theoretical 
regression equation 
Mean particle size in theoretical 
regression equation 
Mean distance of transport'theoretical 
regression equation 
oil Significance level 
f31., 
2 Ratio or plot of b1 values against b2 values 
Density of sediment s 
0l Kinematic viscosity 
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Chapter 7. 
SPATIAL VARIATIONSOF PARTICLE 
CHARACTERISTICS IN THE OUTWASH 
DEP0SITS 
7.1. INTRODUCTION 
Hydrodynamic conditions change progressively downstream 
from the source. Some. particle characteristics have been 
shown to be directly related to stream flow conditions 
(Chapters 5 and 6) and these include sediment, facies and 
maximum particle size, the, proportion of different 
lithologies present after a period. of stream transport, and 
the roundness of each of these lithologies.. Particle sizes, 
in particular, have been widely recorded as, -, exhibiting 
systematic decreases downstream (see Section. 7.2). Explanation 
of these downstream decreases in particle size should be sought 
in hydrodynamic phenomena such as the rate . of. selective 
sorting, the rate of particle abrasion and stream gradient, 
and in petrographic features such as the range of lithologies 
present, the degree of weathering of the particles, and the 
initial size and shape of particles, entering the river, system. 
Downstream variations in particle size have been recorded from 
the proglacial outwash deposits. of Bossons and of. the North 
Esk, the Westwater, the South Esk and Glen; Lethnot, while_ 
vertical size variations have also been. studied from the 
North Esk gravel pitsection_(see Section 7.8). 
7.2. CAUSES OF DOWNSTREAM VARIATIONS 
IN PARTICLE SIZE 
7.2.1. SIMPLE OBSERVATIONS 
,,.,. 
Several nineteenth. century- workers noted 'that , the. size 
of particles in. a fluvioglacial outwash. deposit, tends to' -.,: -- - 
decrease in a- downstream direction. (e. g.. Howden, " :Ln. -the South 
Esk deposits, 1870; & Salisbury,: 'in-North America, 1892). 
Many other workers have recorded downstream decreases in 
particle size, but have offered little comment on the causes 
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of these variations and on why-the rates of downstream size 
decreases differ from region to region (e. g. Girardin, 
1902; Hjülstrom, 1952; Charlesworth, 1957; Flint, 1971; 
Henoch, 1960; Jones and Quam, 1964; Theakstone, 1965; 
Briggs, 1973; Price, 1973)" Their interpretation of 
proglacial conditions is impaired by the lack of measurements 
of sediment variations and by the lack of information on the 
possible causes of the downstream variations of sediment 
characteristics and the rates of these changes. ' The 
literature on outwash deposits has, for example, recently 
included statementsI which have not been substantiated by the 
authors. Gage (1958) describes some outwash deposits in 
which "the gravels are better sorted, with the appearance of 
being laid down well in advance of theice", 'while other 
outwash deposits were "unusually fine and well sorted for a 
situation so close to tue terminal moraine of a glacier". 
Similarly, Sissons (1963) states that "coarse deposits imply 
the close proximity of glacier ice", although Price (1974) 
objects to this-because local changes in depositional -- 
environment can result'in a-wide range of particle sizes 
accumulating'close'to-ari. ice-margin. Denton and Stuiver 
(1967) also describe outwash deposits which have 
"characteristics suggesting deposition very close to a 
glacier", and Briggs (1973) noted outwash gravels which were 
"coarse and poorly sorted and therefore not-transported far". 
These workers and many others,, have tended to. assume a direct 
correlation between particle size and sorting_on the one hand, 
and the approximate distance-of transport on--the other hand, 
without regarding measurements of these-, variables as- 
necessary. However, actual measurements: of. downstream 
changes in ' particle' characteristics can provide much inform- 
ation on paleo-hydraulic and°paleo-geographic conditions, 
which can in'turn-supply-data>to verify any general statements 
such as-those-quoted above. w,,. Furthermore,: problems-relating 
to downstream variationsýin'particle sizes have-been discussed 
attgreat length by fluvial geomorphologists, hydrologists and 
sedimentologists (see Chapter 1) working ""in present-day fluvial 
environments, and-their results can be usefully applied to 
the interpretation of paleo-öutwash deposits. 
pers. communic. =;; and see 1972 (with Gilbertson). 
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7.2.2. QUANTITATIVE EXPLANATIONS 
7.2.2.1. 'Abrasion' and'"Sternbergs 'Abrasion Law' 
Differences in the size of particles at different 
localities along the stream channel were considered by many 
early workers to have resulted from abrasion (e. g. Sternberg, 
1875, in Blatt et al., 1972; Kreuter, 1913; Keller, 1916; 
Schoklitsch, 1933). Abrasion was, also considered to be most 
rapid in steeply graded streams where turbulence is greatest, 
and to be cumulative over a distance. The largest decreases 
in particle size were, therefore, expected to be found in 
streams with steep gradients, and the smallest particles 
would be found at sites farthest from the source. Softer 
rocks were found to disappear more rapidly. downstream than 
harder lithologies, so that lithological type was considered 
to be a major factor affecting the rate of abrasion, and 
therefore of decrease in particle size, in a downstream 
direction. 
Sternberg established that the rate of change in 
particle weight (or size) downstream followed a negative, 
exponential law, formalized by the equation 
Y -.. 
y _c1x (7.1) 
where Y is the weight (or size) of , 
theparticle, y0 is 
the initial weight (or size) of the particle (i. e. at the 
source), e isfthe base of natural logarithms, Cl is the 
'coefficient of abrasion' and x is the distance from the 
source, or ice-margin. Equation 7.1 is known as Sternberg's 
Abrasion Law. The coefficient of abrasion, c1, varies from 
stream to stream, and from lithology to lithology, thus 
providing an index of the rate of size decreases of each- 
particular lithology in each stream deposit. Many workers 
have confirmed the relationship between particle size and 
the distance of transport, as expressed by Sternberg sLaw 
(e. g. Krumbeiri, ., 
1937,1941b, 
: 
19+2; Shulits, '. 1941; Yatsu, 
1955; Schlee, 1957b; Pelletier, 19.589., 1965; Brush,, 1961; 
Pettijohn, 1962; Towe, 1963). 
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Measurements by these, and other workers, based on 
present river channel sediments, on paleo-fluvial sediments 
and on tumble barrel experiments, indicate that although 
Sternberg's Law fits data from many streams, it does not 
correspond to the rates of change in particle size in all 
stream conditions. Sternberg's Law is only applicable, in 
fact, in relatively 'simple' deposits, i. e. where (a) abrasion 
is the most important cause of particle size changes (e. g. 
Culling, '1957a, b, 1960); (b) the bedload is relatively 
uncontaminated by new sources; (c) the deposits are not 
'multicyclic'; (d) the longitudinal stream profile also 
decreases exponentially (e'. g. Plumley, 1948); (e) the stream 
flows over uniform bedrock types (e. g. Hack, 1957; ' Brush, 
1961); and (f) post-depositional alteration of particles in 
a paleo-deposit have not caused significant, differential 
breakage or disintegration of some_lithological groups, 
either increasing their angularity or reducing their relative 
frequency (e. g. Kuenen, 1956; Blatt et al., 1972; Bradley 
et al., 1972). 
Evidence of abrasion has been based particularly on 
the downstream decreases in the proportion and sizes of less 
resistant lithologies, and on the progressive rounding of 
angular fragments to form swell-abraded.,. t, 'rounded particles 
(e. g. Krumbein, 1940,1941a, 1942; ' Schlee, 19576; Thderbitzen, 
1959; Kuenen, 1959; 'Brush, 1961;. Pettijohn, 1962). The 
processes of abrasion accounting for the diminution in, 
proportion, size and rounding of the softer rock_types 
include splitting,, crushing, chipping and grinding (e. g. 
Schoklitsch, 1933; Blatt et al., 1972; and see Chapter 6). 
The amount of abrasion is partly dependent on the degree of. - 
turbulence within the stream, on the stream gradient (see 
condition (d), -above) and on the roundness and size of,, the 
measured particles and of. the associated particles on. the 
channel boundary. Particles tend to be larger ; and; more 
angular close to the bedrock source in the upper reaches of 
streams, so that each particle presents a larger surface 
area to be removed and more corners to be chipped off. 
Shallow, steep streams with rapid movement of coarse bedload 
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possess greatest turbulence, and enhance the probability of 
particle collisions occurring, and of breakage and grinding. 
'Abrasion', which may incorporate a wide range of localized 
processes, 'is at a maximum in the upper reaches of a stream; 
changes in particle size and roundness are most rapid during 
the initial stages of stream transport, while subsequent 
changes become increasingly small until a minimum size and a 
maximum degree of roundness have'been achieved. Changes in 
both particle roundness and in particle size thus frequently 
follow the exponential "law" of equation 7.1t tending to a 
downstream asymptotic limit. The value of the asymptote, 
like the value of Sternberg+, s co-efficient of abrasion, may 
vary between different streams and between different 
lithologies in the stream. 
Some lithologies may, however,. exhibit no downstream 
increase in roundness or no., changein the., proportion present 
in each sample, suggesting either that, abrasion has been 
ineffective on that particular rock type, or that sampling 
began too far downstream, so that only values distributed 
close to the. asymptotic level were recorded and sediments 
closest to the source, where abrasion would have been most 
effective, were omitted.. The distance from the. source at 
which the effectiveness of abrasion markedly; declines depends 
on a wide range-of hydraulic and, sedimentary. features, which 
differ from stream to stream.. 
The cumulative effectof 'abrasion' and a downstream 
increase in roundness, and-the cause of a change in-the 
proportion of each lithology, present,; is a. measurable 
decline in, the mean, size of particles forming. , the: sediment. 
A downstream decrease in the-mean sediment size is effected 
through the mechanical reduction, of the , -size. of , 
the relatively 
large, non-resistant clasts.... The -number. _and ; shape of _the 
smaller particles may remain almost.. constant. - Abrasion thus 
acts-to reduce the proportion of the sediment which occurs 
in, the -larger size ranges. rThe 
rate of particle abrasion, A, "as expressed"by'the 
abrasion coefficient -confounds the effects of: numerous - 




=f (Y0, L, R, H, W, E) (7.2) 
where d. A is the downstream rate of abrasion, Y0 is the dx I 
initial particle size, L is the relative resistance of 
particles of different lithologies to abrasion, R is particle 
roundness, H comprises the hydrodynamic factors such as the 
turbulence and depth of flow, bed roughness, meltwater 
discharge, rate of sediment transport and channel gradient, 
V is the degree of weathering undergone by particles, and E 
represents other, random or minor factors. 
7.2.2.2. Hydrodynamic sorting 
The gradually increasing understanding" of hydro- 
dynamic processes led workers? to: realise that downstream 
decreases'in'particle'size-were'not necessarily due to, 
abrasion alone. Progressive downstream sorting of sediments 
by the stream was found to result in particles of similar 
size, shape and density being segregated and' subsequently 
concentrated'at similar localities. ` Selective`e"orting' 
produces an apparent decrease in particle size, but an 
actual decrease in the range (or''standardTdeviation) of 
particle sizes, shapes and densities`of-each'lithology 
present'. A gradual downstream convergence of the bedload 
sediment mode towards'the saltation and'suspension'sediment 
modes also occurs, and' isyaccompanied'by aireduction in the 
proportion of sediments in'the coarse sediment mode. 
The sorting process is complex and is intimately 
associated with the mechanics of""bedload movement (see 
Chapter 5.5 and-'Appendix 2). "1 The'movement''of bedload`is' 
closely related to (a)'hydrodynamic"conditions, in particular 
to downstream variationsýin`turbulence intensity and 
competency-of floor, which'depend'on stream discharge, ' energy 
gradient, flow depth,. and-density of - the `fluid; '-" and-to (b) 
boundary and sediment conditions, 'espeoially", the-nature of 
the°bed'and bank materialý"andthe"-availability of'particles 
öf different` sizes -andshapes . -'The- effectiveness ' of - selective 
sorting'depends'on-the'size, shape, density-and"position"of. ' 
each'particle'and'of'its neighbouring particles, and its 
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resultant hydrodynamic behaviour. The critical erosional 
and depositional velocities of the particle affect, for 
example, the range of flow conditions during which sediment 
sorting may take place through selective erosion or 
selective deposition of the particle. 
Sorting is considered to be most effective during 
aggradation (e. g. Church, 1972; Rana et al., 1973) in which 
the larger or denser particles, or particles of .a particular 
shape, are selectively deposited and rapidly buried before 
they obstruct fluid flow and movement of other sediments 
(see also Moss, 1972). Selective erosion may be a less 
effective sorting mechanism if the bedload comprises a wide 
range of sediment sizes, for the finer particles are 
protected by the larger particles, whose resistance to 
erosion is further increased through being partially embedded 
in a finer matrix. Selective deposition of particles may 
also be a major factor contributing to the development of 
an, exponential longitudinal profile (or a 'concave-up' 
profile) which is so frequently. observed in stream systems 
in which sediment sizes decrease downstream., -,, }The sites 
nearest to the source are more rapidly aggraded than 
downstream sites, because many of the particles selectively 
deposited. upstream cannot be removed by` the stream to down- 
stream sites. Decrease'in particle"'size downstream may be 
closely related, therefore, -to'a'decrease in gradient down- 
streamp in an aggrading system where streams are not 
competent to remove all the 'debris "that has been -introduced-. 
The, precise-functional relationship between particle 
size and channel slope involves, complex feedback processes, 
but in, simple terms may be, summarized as follows. A downstream 
decrease in the rate of, aggradation. results in a decrease in 
slope, which causes a reduction in stream competence and 
hence in the sizes of particles_transported,: by., the stream 
(see also' alsoMackin, 1948 . _-The,, 
close association between 
particle size. and.. the longitudinal profile has meant that 
both these variables maybe described by the fairly simple 
negative exponential'or-logarithmic function'-(see Chapters'. 3"' 
and 4 for discussions of' longitudinal profiles) o, 
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7.2.2.3. Combined effects of abrasion and 
hydrodynamic sorting 
Attempts to separate the relative contributions of 
abrasion and sorting to downstream decreases in particle 
size have been severely hindered because the coefficients 
of size and sorting decreases are both dependent on similar 
variables (e. g. Krambein, 1942). Most scope, however, 
seems to lie in the combined measurement of downstream 
changes in five major variables, namely particle size and 
sorting (Y and S0), 'particle roundness (R), channel slope 
which is considered equivalent to surface slope (S), since 
the sinuosity of braided streams is'so low (see Chapter 
5.3) and the proportion of'each lithological group each 
exhibiting a different degree of resistance to abrasion (L). 
Stream competence and other hydraulic variables are directly 
reflected in particle size, sorting, ' form and gradient so 
that no additional hydraulic variable need be employed at 
this stage to explain differences in the rates of sorting 
of particles between different lithologies and different 
deposits (see also--Scheidegger andhPotter,. -1971). -. 
It will be shown that the downstream changes in 
particle size, sorting, lithological`proportion and particle 
roundness may be expressed'by some'form of mathematical 
function. These"" functions provide ' useful 'numerical 'indices 
of the hydrodynamic and"sediment'conditions within the 
stream, because the-coefficients, and' 'the ratios between 
them, are constant for each lithological group and for each 
variable in each outwash deposit. The coefficients of each 
particle lithology represent-. -the collective-response- I of 
particle size, shape anddensity to sediment . movement within 
the stream and to downstream variations°in stream competence. 
7.2.3. DOWNSTREAM VARIATIONS IN'SEDIMENT'FACIES:: 
IN THE OUTWASH DEPOSITS 
7.2.3.1. Facies type 
-The 'distribution'of each of the six dominant fades 
types; as defined: in,, Chapter-6 (see Section 6.2.2.4. sand 
Figures 6.6, page- 328 9 and 6.7, page 330 ), exhibits 
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considerable local variability on the Bossons valley-train 
(Figure 7.1a, page 4.17 )o, Only facies V. the coarsest 
facies type, declines in frequency with increasing distance 
from the ice-margin; seventy per cent of facies V samples 
occur within 60m of the ice-margin. The coarse facies IV 
and V, generally lie adjacent to one another, and are 
frequently found in four types of locations' (a) in front 
of the ice-snout, up to 10m downstream on the east, and 
between 5 and 30m downstream across the debris fan on the 
west; (b) downstream of the kettle-holes, where meltwaters 
are relatively free of fine sediments. The location of these 
coarse facies sediments suggests that they were deposited 
while the kettle-holes were still in operation; (c) at the 
foot of valley-side debris fans, some of which contribute 
coarse material to the valley-train; and (d) along the 
centre of the narrowing, distal section of the valley-train 
where meltwaters have deposited material derived from the 
coarse debris fans situated upstream along the western edge 
of the valley-train. 
The fine sediments, characterized by facies III, are, 
widespread on the valley-train, in particular where the 
surface veneer of flood silts'and clays has been preserved. 
Facies III sediments are alsofound'(a) within the proximal 
and transition zones where fines have been washed out of 
moraines and mudflows, and then redeposited nearby; and (b) 
in sheltered areas of low water, such as in abandoned channels, 
or downstream of the central 'island',, nd'of the marginal 
debris fans. ' 
The intermediate areas comprise sand-rich facies 
types, concentrated particularly near the central 'island 
and on distal debris fans. A denser distribution-of sampling 
points would be valuable for determining: the pattern of facies 
11 
types in greater detail-(see plate, 11. for location. of sample 
sites on the Bossons valley-train). '- 
Sample sites in the'North Esk outwashdeposits (see 
plate 5) extend only -beyond: 2.5 km from the former ice- 
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no information on the facies types occurring close to the 
glacier snout is available. The coarseness of the North 
Esk outwash deposits is demonstrated by the predominance of 
coarse facies types IV and V over most of the outwash plain 
(Figure 7.1b). Fine sediments of facies III are found to 
predominate locally in samples from the North Esk gravel 
pit, and also upstream of the extensive series of coarse 
facies. The facies III sediments lie 2 to 4 km from the 
former ice-margin, and, as at Bossons, may represent local 
re-deposition of fines washed-out from coarse ice-marginal 
and proximal zone deposits. The coarse sandy facies types 
II and VI are locally less important than on the Bossons 
valley-train because of$the extensive predominance of coarse 
pebble deposits. 
7.2.3.2" Relative proportions of each facies type 
The downstream trend in facies type can only be shown 
as a series of discrete groupings of coarsest facies types, 
as in Figure 7.1b, unless facies type is converted to a 
continuous distribution. The proportion of all sediment 
samples, not of the coarsest samples alone, accounted for 
by each facies type1 provides a useful alternative method 
of determining downstream trends in the proportion of 
'bedload' (facies V), 'saltation" load' (facies I, II9 IV 
and VI) and 'suspended load'. (facies III) deposits. The 
proportions of suspended load sediments in the outwash 
deposits fluctuate continuously downstream, while the 
proportion of bedload sediments decreases and that of 
saltation load sediments gradually increases downstream 
(Figure 7.2a and b, page, 420--) .- The downstream changes in 
proportion are less clearly defined in the North Esk 
deposits where local, vertical variability is relatively 
great. Maximum local variability is associated with the 
network of sampling sites concentrated in the North Esk 
gravel pit and a neighbouring gravel pit (see plate 5), 
lying between 8 and 9 km from the Auchmull moraine (Figure 
7.2b). 
1Values 
of proportion are derived from sample factor scores 
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The patterns öf'downstream decrease and of local 
variability in the proportion, of facies V bedload sediments 
are clearly demonstrated on trend surface1 and residual2 
maps of the two outwash deposits (Figure 7.3, pages 422 
and 423 ). The coarse debris fans and deposits adjacent 
to the kettle-holes on the Bossons valley-train stand out 
as much coarser tracts (i. e, unshaded areas in Figure 7.3b) 
than predicted by the cubic trend surface, even though the 
} highest predicted'values are located in these areas (Figure 
7.3a). The maximum variability-is found on the proximal 
and transitional slopes of the valley-train which are 
morphologically more complex (see plate 2)-than the distal 
slope. Maximum local variability in the percentage of 
facies V sediments present-in,, the North Esk outwash deposits, 
by contrast, is associated with the gravel pit samples on 
the distal part of the outwash plain (Figure 7.3d). The 
highest proportions-of facies V sediments are located within 
and to the southeast of the gravel pit"series, and in the 
northeast sector of the whole deposit (Figure 7.3c); a 
zone comprising fewer'bedloäd'sediments-. extends between 
these two sectors from northwest ofGannachy Bridge'to 
southeast of Marykirk. Although the cubic trend surfaces 
do not explain more than about 40 percent of the total 
variation in the percentage of facies V sediments present, 
the surfaces are still: statistically significant at the 
0.01 level (see`. Appendix,, -5). 11 
The graphical plots (Figure 7.2) and trend surfaces 
(Figure 7.3) indicate that while the proportion of bedload 
sediments tends, °toýdecrease downstream, the suspended and 
saltation loads-are transported---to-most downstream localities. 
The coarsest members of the particle size distribution of 
mixed sediment subpopulationsis, `therefore, a more sensitive 
See Appendix 5, -which comprises a brief discussion of trend surface analysis , 
ýtechniques, , and; a--. summary- of the trend 
surface. analyses presented in Chapter 
_, 
7. ", ' 
2Residual 
plots , 
indicate: the distance-of the: observed value from the! predicted surface. `Positive-residuals indicate- 
that- the_: observed -, value, exceeds-"=the predicted value-; 
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FIGURE 7.3 continued 
THE PERCENTAGE OF FACIES V SEDIMENTS IN THE OUTWASH DEPOSITS 




ý roxi, ýo ý----" 1st order surface (ns) 
ýý 1ff (25.55'/. explanation) 
3rd order surface (ns) 
(L. 1.90'/. explanation) 
Ga \ 
\ýp. GB. Gannachy Bridge 
S `o NEgp North Esk gravel pit 






Ed eU \\ \ ,\\ 
! pý 
V 
v 30 \\\\\ 
\ý 
N 


























(d) Residuals for cubic surface (Percentage values) p 
65 
ns Surface is not statisticatly significant (see labte A5.2) 
424 
indicator of changing hydraulic conditions in-a downstream 
direction. Figure 7.4 illustrates the downstream change 
in several size distributions of samples from the outwash 
deposits; the percentage of sediment in the coarsest size 
classes changes markedly with increasing distance from the 
ice-margin. The progressive reduction of facies V sediments 
downstream suggests that critical mean erosion velocities 
of the meltwaters decreased to less, than". 100 cm/s (see 
Figure 6.12, page 343 ) and in many areas to less than 10 
cm/s in order for the sandy facies to have accumulated. 
7.2.3.3" Facies V sediments and associated coarse clasts 
Downstream changes in stream conditions are best 
determined from measurements of (a) facies V sediments, 
which are generally related to the proportions of debris 
larger than-l6mm'in diameter, and of (b) individual clasts 
exceeding 16 to 20mm in diameter, which largely constitute 
the facies V component of the sediment samples. Theedegree 
of facies change'due to abrasion or to selective sorting 
can, however, be more easily determined-from the analysis 
of downstream changes in the size and sorting of the largest 
individual particles. in_eachYsediment. l 
7.2.4. DOWNSTREAM 'VARIATIONS IN SIZE "AND =- 
SORTING OF-COARSE CI ASTS 
7.2.4.1. The Bossons valley-train,. -, 
(1) Spatial trends'. - -`' There is a marked downstream 
decrease in mean particle size and in particle sorting of, 
the outwash sediments sampled from bar surfaces on the 
Bossons valley-train (Figure 7.5, page 426 ). The mapped. 
distributions closely follow-the patterns of facies types' 
on the valley-train (see Figure 7.1a), with the coarsest 
samples asso"ciated Fwith* facies IV and-V. - The, coarsest 
samples are often the most poorly" sorted and include, the 
widest range, of particle{-sizes` (see also, -Figure-, 7.6, i; i page! 
427 ). Trend surfaces of the mean'size and sorting of 
1See 
also discussion in Chapter 4.8. 
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FIGURE 7.4 
SEDIMENT SIZE DISTRIBUTIONS 
AT INCREASING DOWNSTREAM DISTANCES 
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RELATIONSHIP BETWEEN MEAN SIZE 
AND STANDARD DEVIATION OF 
SCHIST CLASTS 
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--Q- Regression line and 95 per cent confidence limits 
schist particles sampled in April 1973 illustrate the 
high degree of explanation (up to 90.6 per cent) and the 
-corresponding low degree of local variability in. size 
and sorting from'the average downstream trend (see'Figure 
7.7. page 4+28 , and Appendix 5). Inspection of the 
residuals (Figure 7.7) indicates that particles tend to be 
coarser than predicted wherever valley-side or ice-marginal 
fans have accumulated (see morphological maps, plates 1, 
2 and 3). The coarsest samples are located close to the 
eastern part of the ice-margin, where standard deviation 
values are also highest; the major debris fan'stands out 




The-largest granite clasts are concentrated towards 
the western debris fan but mean size and standard 
deviation also progressively decrease downstream. The 
percentage explanations are lower than for schist clasts 
because of the relatively small number of granite clasts 
on the'valley-train (see below, and section 7.3). The 
pattern of residuals is consequently more complex, but the 
highest values project on to the valley-train from the foot 
of the eastern lateral moraine which is relatively rich in 
granite clasts. 
-4A transverse gradient in particle size and sorting 
is present on the valley-train. Schists clasts, in 
particular, are coarser and more poorly sorted on the 
eastern half of the valley-train-than on the western half; 
the reverse pattern is exhibited to some extent by granite 
clasts. A less rapid decrease in the size of schist 
particles occurs on the west and may result from the 
relative lack of granite and the abundance of schist in 
this zone. When the smallest particles of schist and 
granite have been selectively removed by meltwaters, a 
wide range of sizes of schist particles is left behind 
compared with only a few coarse granite particles. The 
average size and standard deviation of schist-clasts then 
exceeds those of the remaining granite clasts. The down- 
stream decrease in particle size on the Bossons valley-train 
appears, therefore, to result largely from selective sorting 
rather than from breakage'and abrasion. Calculations 
presented later show that the differences in the overall 
downstream rates of size decrease of the two lithologies 
are not statistically significant, despite the transverse 
and small-scale local variability in mean particle size 
and sorting., 
(2) Local variability on a mid-channel bar. A study 
of the small-scale variations in'mean"particle size was 
carried out on a single bar to-determine'the extent to which 
local size variability'is"related to the position of the 
samples on the bar-and-to see whether or'not the local 
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variability exceeds the measured downstream variability 
in mean particle size. 
The bar measured 16 x 8m, and was located on the 
eastern half of the valley-train about 180m from the ice- 
margin (see plate 3 for location of bar), downstream of 
an obstructing boulder (Figure 7.8a, page 431 ). The ten 
largest clasts were selected from each of thirty-four 
systematic samples. on the surface of the bar (Figure 7.8b). 
, The height above local water-level of terracettes, bluffs 
,, and dry channels was recorded. Four main terracette levels 
were present, t1 to t4, each formed by meltwaters flowing 
at a different level of discharge and atangles transverse 
to the main bounding meltwater streams. The cross-currents 
, forming the bar also appear to have migrated westwards 
across the bar with declines in water stage. 
The coarser clast samples are significantly associ- 
ated with the higher terracettes (Table. 7. i). The vari- 
'ability in particle size over the bar surface is also 
Table .. 7.1 
Mean particle sizes across a mid-channel bar 
Height range of Number of Mean article 
dry channel (c) samples size ((mm) 
or terracette (t) 
(cm above local 
water level) 
c0 to 5 10 22.69 
tx no data '1A 19.75 
ti 6 to 8 9... 
__ 
25.08 
t2 8 to 13 8 33.55 
t3 12 to '2Z -3 29.00 
t4 24 to 35 3 31.67 
: _. significantly smaller 
than the range in particle sizes over 
the whole valley-train. These results indicate that the 
samples of fifty clasts selected for the major study may be 
considered as truly representative of the coarsest particles 
in the part of the bar surface from which they were selected. 
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FIGURE 7.8 
A MID-CHANNEL BAR 
ON THE BOSSONS VALLEY TRAIN 
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The fact that the mean sizes of particles selected from 
the three higher terracettes (t2 to t4 in Table 7.1) are 
not significantly different from one another also 
suggests that the samples selected from other bar surfaces 
are still directly comparable, even though they may have 
been selected from different terracette levels, since the 
samples were always sited on the highest parts of a bar 
surface. 
(3) Size-distance relationships. The mean size 
and standard deviation of particle samples from the whole 
valley-train exhibit a significant negative correlation 
with, the distance of the sample site from the ice-margin 
(Figure 7.9, page 433 ). The-rates of downstream decrease 
in mean size and standard deviation are better defined by a 
double-logarithmic relationship than by Sternberg's 
exponential Abrasion Law. Calculations based on a double- 
logarithmic equation were found 'to produce significantly 
higher F values than the exponential equations for the 
mean size and sorting (i. e. standard deviation) of schist 
samples against distance downstream and a marginally higher 
Fý value for granite and quartzite samples (see Table 7.2). 
The double-logarithmic equation for the size-distance 
relationship is expressed by 
loglo y= loglo a +. b loglox (7.3) 
which: is equivalent to the power function 
Y=. ax (7.4) 
where y is the mean particle size (mm), x Is the distance 
from-the ice-margin (m), and a and b are constants represent- 
ing the intercept and slope of the curve respectively. 
There appearkto be two explanations for the absence 
of a true exponential relationship between size, and sorting, 
and the distance downstream from the ice-margin. Firstly, 
the "`gradient of ' the valley -train comprises two major 
exponential segments, while the whole valley-train slope is 
still highly significantly defined by a power function (see 
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Table 7.2 
Downstream changes in mean size and standard deviation 
of'coarse clasts in the Bossons- . outwash deposits 
Calculations based on double-logarithmic 
'. transformation of size, standard deviation 
and distance data 
1. Mean particle size 
ummary 1 L i. t hologicalGroup 
easure 
Schist Schist Granite Quartzite 
(1971) (1973) (1973) (1973) 
r -0.884 -0.947 -0.917 -0.854 
100'r2 78.15 89.68'. ''' 84.14 72.85 
F -1 ' 71.54 235.14 137.92 24.15 
n- 22 29 - 28, ' 11 
o( (2) ' ., 0.001 0.001 0.001 0.001 
log, 0a1(mm) 2.167 
'2.158 2.228 2.303 
a 1.469 x 102 1.439x102 1.69 x 102 2.004x102 
b -0.315 -0.328 -0.363 -0.396 
S. E. b 0.037 0.022 0.031 0.081 1 
S. D. R 0.059 0.040 0.048 0.099 
2. Standard deviation 
summary, Litho1oisa1 Gr oup 
measure Schist Granite Quartzite 
(1973) 1 (1973) 
r -0.854 -0.789 -0.680 
100 r2, _ 
72,93 62,25 46.24 
72.28 42.87 2.58 
n ., 29 ... 28 5 
°ý. (2) r 0.001 0.001 ins 
-1og10a2(mý, 
) 2.201. 2"511 3.762 - 
a2 1.589 x 102 3.240 x X1.02 5.781 x 103 
b2 -0.618... F: -0.785 ,. _ -1.384 
S. E. b' - : -0.073 = 0.118 ,_ - "0'860' 
2- 
SOD. R 0.132 0.183 0.166 
LTootnotes on page following .... _% 
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r= correlation coefficient; 100 r2 = coefficient of 
determination; F= variance ratio; n= number of 
samples; oC = significance level; ai = intercept 
coefficient; b1 = slope coefficient; S. E. b =, -standard 1 
error of b1; S. D. R = standard deviation of residuals. 
(2)Significance 
levels based on F distribution, Blalock 
(1960) and Fisher (1965); ns = not significant (c 40.100). 
Secondly, the smallest particles measured were those with 
a minimum long axis of 20 mm, (see Chapter, 4.8). The curve 
therefore tends to level out, towards this size as the 
proportion of smaller particles omitted from the sample 
increases. A true exponential curve might only result 
when. no minimum size limit is: imposed., (see section 7.7), such 
as by employing the mean phi,, value of the-whole sediment 
size. distribution. Other particle characteristics would, 
then, however, prove more. difficult, Jto measure. 
The average sizes 'of schist particles measured in 
July 1971 were significantly larger (at-the 0.05 level) 
from those measured"in-April 1973" The differences in 
mean sizesýsuggest. ý that seasonalvariations in meltwater 
discharge affect the sizesýof particles deposited on the 
valley-train surface, despite continued and rapid 
aggradation during glacier advance. The particles measured 
in July 1971 were largely deposited by, recent summer-high 
meltwater flows, while those measured. in April 1973 must 
have been deposited mainly'. by high meltwater-flows in the 
previous summer, and by only moderate; flows in the previous 
autumn.. 
.. The differences between the. overall_mean sizes and 
ratesof, downstream decrease in particle size of schist, 
granite and quartzite in April 1973 are not statistically 
significant, _suggesting 
that differential processes of 
abrasion or sorting according to, lithology have not been 
significant. over. the short distance involved. The mean 
size of quartzite particles decreases 57 mm over a downstream 
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distance of about 200m. Quartzite is widely accepted 
as being one of the lithologies most resistant to abrasion 
so that this size decrease cannot be due to abrasion alone, 
especially over the short distance involved. Selective 
sorting is, therefore, the major cause, and abrasion the 
minor cause, of the downstream-decrease in. both mean 
particle size and the range of particle sizes present. 
Selective sorting of the most resistant and durable 
lithologies ('Dt in Figure 7.10, page 437,, 
", 
) results in 
downstream reductions in the standard deviation. Rapid 
decreases in mean size and standard deviation are 
associated with the softer, non-durable lithologies (AND' 
in Figure 7.10), and indicate that both abrasion and sorting 
have been effective. The-rate of change in standard 
deviation also depends on the degree to"which the sample 
is sorted initially. The standard deviation of a well- 
sorted: sediment in an upstream locality-('S' in Figure 
7.10), cannot be improved ', as much as that of, an initially 
poorly-sorted, or non-sorted, sediment ('NS'"in-Figure 
7.10). - Changes in standard deviation thus-appear to be 
most closely related to the selective hydraulic 'sifting' 
processes on the stream°ubed, -while changes -in" mean size 
are more, closely related'to-the effects of abrasion (Figure 
7.10). Other processes, interactions; -and feedbacks also 
operate to complicate _these" relationships. 
(see later 
discussion). 
The category . 
into. which. each. lithological type may 
be classified, and thence the relative importance of 
different processes estimated, depends on the values of 
b1 and b2, the power coefficients of size reduction and 
of sorting improvement,, 
wrespectively.. =Both 
schist and 
granite exhibit relatively high values of bý and b2 in the 
Bossons outwash deposits, so that their downstream decrease 
in size results from 'both selective -sorting and--from 
abrasion ('ND' and INS' in Figure 7.10). The relative 
contribution of each process cannot be precisely determined; 
sorting processes are, nevertheless, likely to be dominant 
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FIGURE 7.10 
RATES OF DOWNSTREAM CHANGE 
IN PARTICLE SIZE AND SORTING 
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at Bossons because (a) the size of the durable quartzite 
particles also decreases rapidly downstream, and (b) the 
b2 values (standard deviation) are several times greater 
than the corresponding b1 values (mean size). The larger 
number of lithologies present in the Strathmore outwash 
deposits provides examples of lithologies in more than one 
category defined in Figure 7.10, so that the differential 
contributions of sorting and abrasion to particle size 
decreases-may be investigated in greater detail. 
7.2.4.2: The North Esk and Westwater outwash deposits 
(1) Spatial trends 
Trend surface analysis has been carried out 
to determine-the spatial trends in the mean size and 
standard deviation of schist clasts, the most frequently 
occurring'lithological group, in the North Esk and Westwater 
outwashýdeposits (Figure 7.11, page 439 ; and see 
Appendix 5). -. The linear surfaces (Figure 7.11a and c) 
indicate that the overall paleo-current direction followed 
a north-to-south trend. The cubic surfaces demonstrate 
the modifying influence on the trend of the isolines by 
sediment samples from the Westwater deposits. The upstream 
curvature of the isolines across the Westwater deposits 
suggests that particles transported by the Westwater 
meltwater streams were smaller than those carried by the 
major meltwater streams issuing from the North Esk glacier. 
The convergence of Westwater particles with those of the 
North Esk has reduced the mean size and standard deviation 
of the-outwash deposits downstream of the confluence. The 
average paleo-current direction is represented on both 
cubic surfaces by the elliptical curves projecting across 
the North Esk - Westwater interfluve, and which extend from 
northwest to southeast. Evidence of a south-east flowing 
paleo-current has also been obtained from imbricated and 
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FIGURE 7.13 (d) QUARTZITE CLASTS 
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The local variability in particle size and sorting 
(Figure 7.11 b and d) is greater where the density of 
sampling points is at a maximum. Values obtained within a 
small area, such as the North Esk gravel pit, may vary 
widely (see next section) and have considerable influence 
on the pattern of residuals. Larger and more poorly sorted 
samples than predicted by the cubic surfaces are mainly 
concentrated in a north-south trending zone which includes 
the North Esk gravel pit, and in a zone close to the West- 
water ice-margin. The gravel pit sediments include some 
very coarse sedimentation units particularly near the'base 
of the exposed sections (see Section 7.8), while the ice- 
marginal outwash deposits may include coarse morainic or 
debris fan sediments as at Bossons. 
(2) Size-distance relationships 
The mean particle size and standard deviation 
of nearly all the lithological groups decrease downstream 
according to a double-logarithmic function (Figures 7.12, 
page 
, 
440 and 7.13, page 441 ). The significance of the 
size-distance, and sorting-distance, correlation coefficients 
depends on the number of clasts in the sample and on the 
number of samples available. The downstream changes in 
size and sorting of the more poorly_, represented, lithologies 
are, therefore, not statistically significant (i. e. the 
significance level is less than 0.100) (see Table 7.3a and 
b). 
The rates of downstream change in"particle size and 
sorting differ for each lithological group (Table 7.3, 
Figures 7.12 and 7.13). The differences are best quantified 
by the values of the b1 (mean size) and b2 (sorting) 
coefficients as presented in Table 7.3" Plots of b1 against 
b2 (Figure 7.14, page 443 ) indicate that sandstone 
particles in the North Esk deposits undergo maximum rates 
'of decrease in size and standard deviation, while the size 
t 
and sorting of altered grits change least downstream. 
Intermediate lithologies'include granite, gneiss, dolerite 
+ lava, and schist. The decreases in particle size are 
clearly related to resistance to abrasion as well as to 
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FIGURE 7.14 
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selective sorting, since the sandstones are soft and friable 
and the altered grits are durable and compact. The ratio of 
b1 to b2, here called (31.2, describes the relative rate of 
decrease of mean size compared with the rate of improvement 
of sorting. The position on the (31,2 plot (Figure 7.14) 
of each lithological group indicates its average initial 
durability and sorting. The lower the position of a 
lithological group on the (31.2 plot, the greater has been 
its initial sorting (S); the closer it lies to the left-hand 
axis, 'the greater has been its resistance to abrasion (D), 
either through increased durability or because of its initial 
small size. The lithological groups, have been classified 
according to their position on the (31,2 plot (Table 7.4). 
Class boundaries have been selected'at-half the range of 
values recorded, such that b1 = -0.3 and b2 = -0.8. 
Table 7.4 
Classification of lithological groups in the North 
Esk and Westkrater outwash deposits-according to 
durability and sorting 
Category 
Lithological group: -in 
each outwash deposit 
North Esk. " West rater 
Durable/sorted Quartzite Schist 
(D/S) Altered grit Granite 
Quartzite 
2 Alt ered grit 
Non-Durable/sorted Schist Dolerite + Lava 
. 
(ND/S) Dolerite + Lava Sandstone1'3 




bý not statistically significant. 
3sandstones 
omitted 
from plot because 2 b2 not statistically significant, '' , b2 is positive. 
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The rapid decreases in the size of sandstone and gneiss 
result from both abrasion and sorting, the moderate decreases 
in the size of schist and dolerite + lava result mainly from 
abrasion, and of granite mainly from sorting; the small 
decreases in the size of the resistant quartzite and altered 
grit particles result chiefly from sorting processes. The 
131.2 ratios indicate that rates of increase in sorting tend 
to exceed rates of size decreases by 0.3 to 1.5 times. 
. Hydrodynamic processes are, therefore, more efficient than 
.. abrasive processes in reducing the particle size of the 
coarsest sediments over a downstream distance. 
7.2.40. The South Esk outwash deposits 
(1) Spatial trends 
Trend surface analysis was carried out for 
data from the twelve available' sites in the South`Esk outwash 
deposits, to determine the most likely,. major pal®o-current 
direction (Figure 7.15, page 450 ; and Appendix. '5). The 
dominant paleo-current direction suggested by the linear 
isolines is from northwest to southeast, but the cubic 
surfaces, which explain over 90 per cent. of the variation, 
indicate a farmer west to east flow direction (Figure 7.15a 
and c). Imbrication and cross-bedding measurements from 
site C10 and the South Esk gravel pit, (see Plate 6) agree 
with the predicted easterly direction of meltwater flow. 
Maximum local variability in mean size and sorting occurs in 
the South Esk gravel pit, in which 8 sample sites were 
located (Figure 7.15b and d).. A more; detailed interpretation 
of the trend surfaces and-residual plots must await more 
extensive sampling of the deposits. 
(2) Size-distance-relationships' 
The size-distance, and standard deviation- 
distance., plots all follow the double-logarithmic law 
(Figure 7.16, page 451 ). The b1 and b2 values vary 
according to lithological group, as in the North Esk and 
Westwater outwash deposits. The low number and clustered 
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FIGURE 7.16 
DOWNSTREAM CHANGES 'C 
IN SIZE AND SORTING OF CLASTS 
IN THE SOUTH ESK OUTWASH DEPOSITS 
" D. Mean clast size (mm) 
o So, Standard deviation (mm) 
D So 
Regression line and 
95 per cent confidence 
limits 
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coefficients are lower than for the North Esk plots; only 
half the plotted relationships are statistically significant 
(i. e. significance level, d? 0.100) and only one relation- 
ship is highly significant (o! Z 0.001) (see Table 7.5 and 
Figure 7.16). The two lithological groups which may be 
added to the ß 1.2 plot fall within the 'Durable-sorted' 
category (Figure 7.10, page 437 ). The dolerite + lava 
group and the altered grit group of clasts both exhibit 
low rates of downstream decrease in size and standard 
deviation compared with lithological groups significantly 
correlated with distance of transport in the North Esk 
and Westwater outwash deposits. The locations of the South 
Esk values on the -(31,2 plot are similar to the North Esk 
points plotted, although the standard errors tend to be 
greater in the South Esk deposits. Similar hydrodynamic 
processes have been operating to a similar degree on similar 
lithological groups in the South Esk and North Esk outwash 
deposits. 
7.2.4.4. The outwash deposits of Glen Lethnot 
The mean size of the ten largest schist clasts 
from the outwash deposits of Glen Lethnot also decreases 
systematically in a downstream direction, following a double- 
logarithmic law (Figure 7.17, page 455 , and Table 7.6). 
The residuals of mean size are not distributed quite randomly 
about the best-fit line because of the possible influence 
of coarser debris added to distal deposits by meitwaters 
; issuing from the hanging tributary glacier situated about 
. 75km downstream 
(see Figure 4.13, page 195 , and Plate 5). 
Two separate regression lines might have been fitted, had 
radditional data been available from sites farther downstream 
from the confluence. 
The range of sizes about the mean does not 
,. change significantly downstream (Table 7.6) suggesting (a) 
that abrasion has been the most effective agent of size 
reduction over the 3km of outwash deposition; (b)-that large 
fragments have been added to the outwash deposits from 
valley-side debris fans; or (c) that, since the samples are 
poorly sorted at all times, the rate of deposition may have 
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FIGURE 7.17 
DOWNSTREAM CHANGES IN THE SIZE AND SORTING 
OF SCHIST GLASTS IN THE OUTWASH DEPOSITS 
OF GLEN LETHNOT 
0 D, Mean clast size p So, Standard deviation 
tmm) (mm) 
Regression line and -------- 
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been too rapid to allow the selective removal of particles 
to operate as efficiently as in the other outwash deposits 
in which sorting improves downstream. A very high f31.2 
value of 2.05 reflects the relative absence of progressive 
downstream sorting of schist clasts. 
Table 7.6 
Downstream changes in mean size and standard 
deviation of coarse schist clasts in the 
outwash deposits of Glen Lethnot 
Calculations based-. on double-logarithmic transformation 
of size, standard deviation and distance data 
summary 





r -0.756 -0.214 
100 'r2 57.09 4.59 
31.92 1.15 




logl0ai 3.298 2.401 
ai 1 . 986 x 103 : c -- 2.520 x 102 
bi -0.233 -0.114 
'S. E. b 0.041 0.129 i 
S. D. R 0.048 0.151 
)r 
= correlation coefficient; 100 r2 = coefficient of 
determination; F= variance-ratio; n= number of 
samples; oZ = significance level; ai` = intercept 
coefficient; bi = slope coefficient; 
S. E. b = standard., error of bS. D. R== standard 
i deviation of residuals. 
(2)significance 
levels basedoon F distribution, Blalock 
(1960) and Fisher (1965); " ns = not significant. 
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7.2.4.5. Conclusions 
The most significant conclusions may be briefly 
summarized. 
(a) The dominant current and paleo-current directions lie 
perpendicular to the isolines of mean particle size and 
sorting as calculated on trend surface plots; 
(b) Downstream decreases in mean particle size and 
standard deviation, i. e. parallel with the current direction, 
may be mathematically defined by a double-logarithmic 
equation; 
(c) The rates of downstream change in size and sorting 
are expressed by the slope coefficients in the double- 
logarithmic equations; comparison of these coefficients, 
and of ratios of these coefficients (i) for different 
lithologies in each deposit and (ii) for similar lithologies 
in different deposits, provides a means of estimating (a) the 
relative efficiency of abrasion and selective sorting 
processes within the stream, and (b) the relative durability 
of each lithological group. 
7.3. DOWNSTREAM VARIATIONS IN 
LITHOLOGICAL COMPOSITION 
, 
OF THE OUTWASH DEPOSITS 
7,3.1, REVIEW OF PREVIOUS WORK 
Few workers who have measured the lithological 
composition of unconsolidated depositsq, have discussed the 
wide range of factors that can affect the proportion of 
different petrographic constituents in the deposit. Several 
groups of factors may be-mentioned which have some control 
on the lithological, composition of fluvioglacial deposits 
(see summary in Table 7.7). Pettijohn (1931), Krumbein 
(1933; Krumbein and Sloss,. 1963) and Portmann (1955) have 
mentioned some of these factors, but many workers tend to, 
consider only the location of source rock outcrops, the 
direction and distance of. transport, -or the: possibility that 
progressive solution, has increased the proportion of quartz 
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to non-quartz lithologies in paleo-deposits (see Dapples 
et al. 9 1953; Horberg, 1957; Cailleux, 1960a; Ruxton, 
1968). 
Table 7.7 
Examples of factors controlling the lithological 





1. Source rock Situation of outcrop with respect 
conditions to the ice-margin; extent of rock 
outcrops; degree of weathering; 
resistance and fissility of source 
rock. 
-2. Superficial Extent of glacial debris; proportion deposits of glacial debris from beyond 
watershed; thickness of superficial 
material overlying bedrock. 
'3. Transport Direction and distance of transport; 
conditions rate of particle abrasion and 
breakages; rate of sediment burial 
on aggrading channel floor and rate 
of sediment transport; local facies 
or depositional conditions; nature 
of stream bed; "flow regime. 
4. -Post-depositional Selective solution or hydrolytic 
alteration disaggregation of certain litho- 
logies. 
The relative abundance of each lithological group 
at progressive distances downstream in an outwash deposit 
may also have been affected by any of the other factors 
listed. Some source rocks, for example, may be more 
readily weathered than others so that larger numbers of 
fragments are, or were, available for subsequent transport, 
and these particles may then be over-represented in the 
final deposit. '' Other'lithologies may'have been derived 
from superficial deposits such as glacial till deposited by 
an-ice-sheet or glacier which traversed watersheds, thus 
allowing material extraneous to the fluvioglacial basin to 
become incorporated into the outwash deposits. Particles 
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which are not resistant to the abrading effects of stream 
transport may be worn down to sizes smaller than those 
included in the sampling plan, so that no evidence is 
obtained of lithologies from a particular source rock. The 
rate at which particles are buried on the channel floor 
affects the degree to which they are exposed to abrasion 
and selective removal by the meltwater stream, and 
consequently, the rate at which they are rounded down or 
disintegrate. Initial breakages of particles will lead 
to an increase in the number of fragments of the particular 
lithology present, but progressive breakage and abrasion 
gradually leads to a decline in the proportion present. 
The rate of abrasion and breakage is also influenced by the 
nature of the stream bed, for a sandy floor encourages 
abrasion by sand particles passing over isolated pebbles, 
while breakage is encouraged when impact occurs between 
many pebbles on the stream bed (e. g. Tricart, 1961). It is 
important when comparing downstream changes in the 
proportions of lithologies present in different outwash 
deposits, to try to account for as many of these factors 
as possible. Once the source areas for the different 
lithologies have been established, one can determine the 
relative' contributions of each source area, the direction 
and distance of transport by ice and by proglacial 
meltwaters (see Section 7.6.2. 
), the effects of meltwater 
transport on outwash lithologies, and the areal extent of 
deposition of these lithologies. 
Analyses of spatial changes' in-lithological compos- 
ition were initiated by workers studying glacial deposits, 
after Charpentier (1841) had claimed that erratics provided 
evidence of the direction and distance of ice movement. 
More recent examples of studies of the lithological. compos- 
ition of glacial deposits include those by Krumbein (1933), 
Portmann (1955), Richter (1955), Synge (1956), Dreimanis et 
al. 
J(1957), cri (1962), Kaiser (1962), Roed et al. (1967), 
Dreimanis and Vagners (1969), McLellan (1969b), and Gwyn 
and Sutterlin (1972). Fluvial geomorphologists analyzing 
the lithological content of both present-day and paleo-stream 
deposits have been most concerned with the effects of fluvial 
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activity on the relative abundance of different lithologies, 
the specific nature of the fluvial processes producing the 
changes, and the effectiveness of these processes acting 
over a given distance on lithologies of various durabilities 
(e. g. Kreuter, 1913; Schoklitsch, 1933; Plumley, 1948; 
Lane and Carlson, 1954; Potter, 1955; Potter and Siever, 
1956; Carroll, 1957; Schlee, 1957b; Tricart, 1961; 
Allen and Krumbein, 1962; Pettijohn, 1962; Krumbein and 
Sloss, 1963; Pelletier, 1965; Cailleux and Michel, 1967; 
Whetten et al., 1969; Riggi and Fidalgo, 1972). 
The study of lithological changes in fluvio- 
glacial deposits combines the aims of similar studies in 
glacial and in fluvial deposits. The provenance, direction 
and distance of transport can be determined for each 
lithological group, while hydraulic and channel conditions 
may be used to help explain the effects of fluvial transport 
on the range of lithologies derived from within the glacier. 
Local factors and post-depositional alterations may account 
for anomalies in the downstream pattern of changing 
proportions of each lithological group, or in differences 
found between deposits of different age (see also e. g. 
Hesemann, 1939; Richter, 1955; Holmsen, 1963; Hey, 1965; 
Ehrlich and Davies, 1968; McLellan, 1969b; Church, 1972; 
John, 1972; Stanley and Wayne, 1972; Flint, 1974). 
7.3.2" DOWNSTREAM VARIATIONS IN THE 
LITHOLOGICAL COMPOSITION OF THE 
OUTWASH DEPOSITS 
The percentage of each lithological group 
present in each sample, is used as the, basis for quantitative 
analysis. Downstream changes in percentage values may 
reflect either changes in the absolute quantities of each 
lithology or a change in one or more lithologies relative to 
the others (see Pettijohn, 1933)" Percentages have been 
totalled for each coarse clast sample, regardless of 
separate size grades. 
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7.3.2"x" The Bossons outwash deposits 
The percentage of schist particles on the Bossons 
valley-train varies considerably with increasing distance 
from the ice-margin (Figure 7.18, page 462 ). Higher 
percentages of schist occur on the western half of the 
valley-train with maximum values exceeding 90 per cent 
closest to the ice-margin. The high proportions of schist 
on the western valley-train surface directly reflect the 
distribution of schist bedrock throughout the western 
reaches of the Bossons glacier. Percentages of granite 
rarely exceed 30 per cent, but these maximum values are 
found on the eastern half of the valley-train, along the 
base of the granitic eastern lateral moraine. The eastern 
concentration of granite particles results from transport 
within the eastern portion of the glacier which originates 
in a cirque situated in granite bedrock (see Chapter 2.1, 
and Maizels, 1970). Little transverse movement of debris 
can occur within the glacier, and the lithological variations 
imposed on glacially transported debris are subsequently 
reflected in the debris deposited by the glacial meltwaters 
flowing across the valley-train. 
The influence of debris fans on the composition 
of valley-train sediments is also apparent from the 
distribution mapped in Figure 7.18. Three schistose fans 
descend from the western lateral moraine and the western 
ice-margin, and two minor granitic fans foot the eastern 
lateral moraine (see also Chapter 3). The debris from 
the valley-side fans tends only to reinforce a distribution 
of lithological types on the valley-train which is determined 
largely by the distribution of fragments within the glacier. 
The west-east contrasts in lithology are less 
distinct with increasing distance downstream on the valley- 
train, for transverse meltwater streams gradually redistri- 
bute the proglacial sediments across the valley-train (see 
also Figure 5.5, page 239 , and Plates 1,2 and 3). The 
percentage of granite particles present on the western half 
of the valley-train thus increases at a distance of about 
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, particles therefore tends to decrease in a downstream 
direction (see Table 7.8, and Figure 7.19), from over 90 
per cent on the ice-marginal debris fan to less than 75 
aper cent near the distal end of the valley-train. 
Table 7.8 
Downstream changes in the percentage of schist 







r -0.364 +0.349 
100 r2. 13.26 12.15 
F 4.28 3.87 
n 30 30 
(2) 
0.050 0.100 
a3 (per cent) 8.408 x 10 1.530 x 10 
b3 -0.049 +0.047 
S. E. b 0.024 0.024 3 
S. D. R 7.810 7.751 
r= correlation coefficient; 100 r2 = coefficient 
of determination; F= variance ratio; n= number 
of samples; o( = significance level; a= intercept 
coefficient; b =. slope coefficient; S. E. b = 
standard error, of b; 
S. D. R = standard deviation of residuals. 
(2) 
significance levels based on F distribution, Blalock 
(1960) and Fisher (1965). 
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FIGURE 7.19 
DOWNSTREAM CHANGES IN THE LITHOLOGICAL COMPOSITION 
OF THE BOSSONS OUTWASH DEPOSITS 
April 1973 
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The lithological composition of the Bossons outwash 
deposits reflects not only progressive fluvial activity, 
but also the distribution of source rock bodies within the 
glaciated basin and the composition and morphology of the 
lateral moraine slopes overlooking the valley-train. 
7.3.2.2" The North Esk and Westwater outwash deposits 
(1) Downstream variations in litholopical composition 
The pattern of increasing and decreasing percent- 
ages of different lithologies in the Strathmore outwash 
deposits is far more complex than in the Bossons valley- 
train deposits. A downstream decrease in the percentage of 
one li, thology does not necessarily produce a corresponding 
increase in all the other lithologies present, as occurs 
with schist and granite particles at Bossons. A wide 
variety of upland and lowland source localities are present 
(see Chapter 4.2) in the Strathmore deposits, and include 
bedrock sources and derived deposits such as till. The 
sampling sites are irregularly scattered across the outwash 
plains, so that continuity of trend between adjacent sites 
has to be assumed. 
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The percentages of each lithological group present 
in the outwash deposits have been mapped in relation to 
the bedrock source localities as indicated on the Geological 
Survey one-inch and quarter-inch maps (Figure 7.20, page 466 ). 
Clast samples were also selected from ice-marginal, moraine 
and till deposits and from several different series of 
outwash deposits in upstream areas in order to determine 
the lithology of deposits closer to the source regions; 
sediment samples were also taken from flood-plain deposits 
of the present River North Esk and on raised shoreline 
terraces at the river estuary. 
Distinctive downstream variations occur in the 
percentages of two upland lithologies, schist (Figure 7.21, 
page 467 ) and altered grit, and of the two lowland 
lithologies, dolerite + lava and sandstone, in both the 
North Esk and the Westwater outwash deposits (Figure 7.22 
and 7.23). The percentage of schist clasts in the outwash 
deposits decreases in a southeasterly direction across the 
North Esk and Westwater outwash plain, reflecting the 
dominant paleo-current direction (Figure 7.21a; and Appendix 
5). The relative frequency of schist clasts predicted by 
the cubic trend surface diminishes from 100 per cent near 
the former North Esk ice-margin to 0 per cent near Marykirk; 
the predicted proportion of schist clasts entering the outwash 
deposits at the Westwater ice-margin is only about 60 per 
cent. The relatively low percentage of schist added to 
the North Esk deposits by the Westwater is accentuated by 
the upstream curvature of the isolines of the cubic surface. 
The residuals for the cubic surface rarely exceed 10 per 
cent from the predicted value, but most of the positive 
residuals are found in a zone containing the North Esk 
gravel pit where high local variability reflects the closer 
sampling network, and in the proximal outwash zone of the 
former Westwater ice-margin. 
The apparently rapid removal of schist particles 
from downstream sediment samples is in direct contrast with 
the altered grits, whose relative frequency increases 
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FIGURE 7.21 
THE PERCENTAGE OF SCHIST CLASTS 
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DOWNSTREAM CHANGES IN THE LITHOLOGICAL COMPOSITION 
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7.9). The differential downstream rates of change of 
these two lithological groups seem to result mainly from 
the much greater durability of the altered grits. The 
altered grits are similar to the quartzites in their degree 
of resistance to abrasion, and they both decrease in size 
downstream at similar rates (see b, values, Table 7.3, 
page 444 ). The proportion of quartzites present in the 
outwash deposits does not increase, however, but remains 
more or less constant downstream, i. e. there is no 
significant correlation between percentage present and 
distance downstream (Table 7.9). 
The relative frequency of granite and gneiss 
particles also remains similar in all but the most downstream 
samples (Figures 7.20 and 7.22). The major difference 
between the altered grits and the other durable, crystalline 
lithologies of granite, gneiss and quartzite is that most 
of the source localities of the altered grits, at least 
for the North Esk, lie at and downstream, of the former ice- 
margin. Some of the granites (Figure 7.20) and quartzites 
must have travelled over 30km within the glacier before 
emerging on to the proglacial plain (see also Section 7.6.2). 
The proximity of the outcrops of altered grits to the 
former ice-margin suggests, therefore, that the increasing 
percentage of these particles over a downstream distance 
results from a continuous supply of fresh debris directly 
to the proglacial meltwaters. The other crystalline 
lithologies would have been well worn by the time they 
reached the ice-margin and their numbers could not be 
replenished. Granite and gneiss are less resistant than 
quartzite to abrasion, but their sizes at the ice-margin 
(a, values, Table 7.3) are comparatively great (granite 
only in the Westwater deposits). Their rates of downstream 
change in size and in sorting are greater than for any of 
the other upland lithologies, but their relative frequencies 
remain, almost unchanged. Neither abrasion nor sorting 
appear to have caused sufficient comminution of size, or 
selective removal of, the smaller sizes, to reduce the sizes 
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Table 7.9 continued 
(d) Outwash deposits in Glen Lethnot 
Summary 
1 
Lithological -Grow p 
measure schist gneiss quartzite 
r -0.036 -0.228 +0.050 
100 r2 0.13 5.20 0.25 
F 0.01 0.33 0.02 
n 8 8 8 
C, e 
(2) 
ns ns ns 
(per cent) a 7.549x10 2.290 1.957x10 3 
b3 +0.213 -0.213 +0.265 
S. E. b - - 
2.163 
3 
S. D. R - - 
4.722 
(ý) 
r= correlation coefficient; 100 r2 = coefficient 
of determination; F= variance ratio; n= number 
of samples; o( = significance level; a= intercept 
coefficient; b= slope coefficient; S. E. - 




significance levels based on F distribution, Blalock 
(1965), and Fisher (1965); 
ns = not significant. 
20mm. Measurements of the relative frequency of each 
lithology in different size grades would probably show a 
downstream increase of granite, gneiss and possibly of 
quartzite too, in-the smaller size grades at the expense 
of the larger size grades. Schist particles, therefore, 
form the only upland lithological group whose relative 
frequency declines downstream. The apparent progressive 
downstream reduction in the percentage of schist particles 
present in the outwash deposits is accentuated by the fact 
that it initially comprises over 70 per cent of the sediment 
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(a3 values, Table 7.9). An influx of coarser lowland 
lithologies (a1 values, Table 7.3) in downstream localities 
has therefore had a greater effect on reducing the 
initially high proportion of schist particles than on 
reducing an already low proportion of granite, gneiss and 
quartzite particles present. 
The lowland lithologies of dolerite + lava and 
sandstone first appear in the outwash deposits several 
kilometres downstream of the Highland Boundary Fault 
(Figure 7.20). Both of these lithological groups exhibit 
rapid downstream increases in their relative frequency 
(Figures 7.20 and 7.22), despite the lack of durability 
of the sandstone particles. The sandstones are rapidly 
reduced in size (Figures 7.12 and 7.13, and Table 7.3), but 
their relative proportion increases downstream because of 
the constant influx of local sandstone fragments, many of 
which still remain larger than the lower size limit for 
measurements. The dolerites and lavas are more resistant 
than the sandstones so that their relative frequencies 
increase to greater values than those of the sandstones. 
The rate of increase is, therefore, also greater for the 
igneous group than for the sandstones. 
(2) Discussion 
The proportion of local bedrock types in the 
proglacial outwash deposits' increases systematically 
downstream, partly through progressive wear of the upland 
lithologies and partly through continuous additions of 
local material. Additions of material to the North Esk 
outwash deposits come chiefly from its major tributary 
of the Westwater. The Westwater meltwater streams, 
probably flowing into theNorth Esk via a multiple braided 
confluence, contributed large percentages of lowland 
lithologies to the North-Esk outwash. Further sampling 
might allow the rate of eastward contamination by debris 
transported by the Westwater meltwaters to be differentiated. 
Lowland bedrock lithologies may also have become 
incorporated into the outwash gravels by another possible 
mechanism. The bedrock becomes unavailable to stream 
erosion once-it is covered by the initial gravel deposits. 
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These basal gravels are rich in local bedrock lithologies 
but constant reworking by meltwaters gradually causes 
local lithologies to become incorporated into the overlying 
deposits and into the deposits situated farther downstream. 
The percentage of local lithological types present 
decreases upwards in the succession and downstream from 
the original source, unless the bedrock type is as 
extensive as the Strathmore sandstone. The first appearance 
of the lithology in the outwash sediments occurs 
progressively farther downstream as the deposit continues 
to thicken. 
The lithological composition of the outwash 
deposits is locally quite consistent, so that non-outwash 
sites are conspicuous by their marked differences in 
composition (Figure 7.20) and provide clues as to the limits 
of the outwash. deposits themselves. 
7.3.2.3" The South Esk outwash deposits 
The rates of downstream change in the proportion 
of different lithologies present in the South Esk outwash 
deposits were expected to be similar to those of the North 
Esk because they are composed of lithologies of similar 
durability which have been derived from localities situated 
at similar distances upstream and downstream of the former 
ice-margin. Any significant differences in proportion are 
likely to reflect the size of particles present, the rate 
of contamination by debris from other sources, and the 
different proportions of bedrock lithologies outcropping 
in the South Esk basin. 
The percentage of schist,: the major upland, 
crystalline lithology, decreases significantly downstream 
(Figures 7.24, '7.25a and b, pages 477,478 and 479) , but at 
a slower rate than in'the North Esk and Westwater deposits. 
The initial proportion of schist'(a3 value, Table 7.9) is 
significantly lower in the South Esk deposits, so that, the 
subsequent influx of lowland lithologies has less actual 
effect on the relative proportions of schist present.: The 
proportions of granite and gneiss do not change significantly 
downstream (Table 7.9, Figures 7.24 and 7.25b), while the 
percentages of, altered grit and of sandstone do increase 
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significantly downstream, as in the North Esk and Westwater 
outwash deposits. The quartzite and the dolerite + lava 
groups, however, exhibit contrasting trends, with the 
percentage of quartzite increasing significantly downstream, 
and the percentage of dolerite + lava decreasing signifi- 
cantly downstream (Table 7.9, Figures 7.24 and 7.25b). 
Quartzite closely follows the pattern of increase exhibited 
by the petrologically similar altered grits. Lower per- 
centages of other crystalline lithologies at upstream sites 
allow the quartzite to make a more important contribution 
to the whole sediment. The percentage continues to increase 
downstream as the other upland lithologies suffer progressive 
wear and reduction over greater distances than in the North 
Esk and Westwater deposits, and as the proportions of 
dolerite + lava also decline. The outwash deposits initially 
contain high percentages of dolerite + lava, and the down- 
stream decline in percentage still leaves downstream sites 
with values of over 30 per cent. 
Interpretation of the downstream changes in the 
proportion of the different lithological groups present is 
hampered by the few sampling sites available, particularly 
in the critical area downstream of site C24 (see Plate 6) 
where a possible overspill channel from a proglacial lake 
to the southwest (Paterson, 1974) may have contributed 
further quantities of lowland lithologies to the South Esk 
outwash deposits. A denser network of sampling sites 
might also produce a more significant statistical 
explanation of downstream variations in lithology, associ- 
ated paleo-current directions, and other sources of influx, 
than the present trend surfaces have allowed (e. g. Figure 
7.25a). 
7,3,2.4. The outwash deposits in Glen Lethnot 
No significant downstream changes occur in the 
percentage of different lithologies present in the outwash 
deposits of Glen Lethnot (Table 70). The downstream decline 
in mean particle size'has not been sufficient to cause the 
differential removal of any one lithological group in favour 
of any other group over the 3km involved. The influence of 
debris from valley-side fans or from tributary glaciers 
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could, only be estimated from a network of sample, sites 
which extended laterally across the valley-train terraces 
(see Plate 5 for present sampling network). 
The importance of minor lithologies in helping to 
determine paleo-glacial conditions is demonstrated in 
sample W35, which contains a single fragment of dolerite. 
The nearest outcrop of dolerite lies northwest of the 
watershed in Glen Clova (see geological maps, Figures 4.3a 
and b, pages 174 and 175 ). The minimal quantities 
of granite in the outwash deposits of Glen Lethnot (see 
. 
Figure 6.14, page 347 ) also suggest that at one time a 
diffluent ice-cap existed in the present-day headwater 
regions of Glen Lethnot and Glen Clova. 
The lithologies. present were also recorded at 
=several sites between the upper reaches of Glen Lethnot 
and the former ice-marginal position of the Westwater 
glacier (Figure 7.20). Numerous sources of 'contamination' 
, occur over the length of the River Westwater, mainly from 
tributaries contributing only one or two lithological 
! types to deposits which already contain a wide range of 
rock types. Fluvioglacial sediments at sites E61 and E62 
, (see Plate 5) contain relatively high proportions of altered 
grits, derived from outcrops lying in the upper reaches of 
, the tributary flowing from the northwest. The red boulder 
rclay which underlies many of the outwash deposits is 
'exposed in a river bank at site E54, and contains far 
higher proportions of sandstone than any other samples in 
, the Westwater and Lethnot valleys (54 per cent was recorded). 
Sandstones recorded in many-. of the. outwash deposits could 
clearly be derived from such a source. 
X7.3.3. DISCUSSION 
7.3.3.1. Distance from-bedrock source 
The upland regions represent the major sources 
of supply of outwash debris, but each sample of outwash 
sediment comprises a wide range of'lithological types which 
have travelled different distances within the former glacier 
(see later discussion, Section 7.7). The'distance travelled 
within the outwashsdeposits also' differs' for different 
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particles of the same lithology, if some-particles are 
derived from local glacial deposits or older outwash 
deposits. The distance of proglacial transport is also 
slightly greater, for example, for particles initially 
deposited in an upper terrace deposit close to the ice- 
margin and which are subsequently reworked and redeposited 
in a lower terrace deposit by meltwaters issuing from a 
glacier in a retreat position (see Figure 7.26). Selection 
of samples from the highest terrace deposits increases the 
likelihood that all the particles in each sample have been 
transported a similar distance from the ice-margin by 
proglacial meltwaters. 
FIGURE 7.26 
DIFFERENTIAL DISTANCE OF TRANSPORT 
IN PROGLACIAL TERRACE DEPOSITS 
Section through ice-margin and proglacial terraces 
lee 
PARTICLE 'A' TRANSPORTED AND DEPOSITED 
XI METRES DOWNSTREAM FROM ICE I IC 
`1Cý 
'-x1 
`-ý"--`"x2 "'"'-- _..., _ 
Terrace level I( 
PARTICLE 'A' REWORKED AND 
REDEPOSITED X2 METRES 
DOWNSTREAM FROM ICE 11 
Downstream 
NOTE: TRUE DISTANCE OF PROGLACIAL TRANSPORT OF PARTICLE 'A' IS 
X1 . X3 METRES. AND IS NOT X2 METRES. 
KEY: 
® 
Edge of glacier or ice mass Proglacial outwash deposits 
The incorporation of local lithologies into the 
outwash deposits can result in the lowland lithologies 
being more highly represented than their outcrop areas 
would suggest. This appears to be the case for the more 
durable lowland lithologies, dolerite + lava, but not 
for the sandstones (Figure 7.27, page 1483 ). The values 
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FIGURE 7.27 
RELATIVE CONTRIBUTION OF BEDROCK OUTCROP LITHOLOGIES 
TO AVERAGE LITHOLOGICAL CONTENT 
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484 
plotted in Figure 7.27 also reflect the distribution of 
sampling sites, although the outcrop areas as mapped by 
the Geological Survey of Great Britain (Scotland) 
(1: 253440, Sheet 12,1910) have not been verified by the 
author (see also Tricart, 1961). The proportions of schist 
tend to be much greater than 'expected' according to its 
outcrop area, either because (a) most samples are located 
sufficiently far upstream to preclude extensive local 
'contamination', or because (b) fragments from outcrops 
of'schist were most easily fractured and removed by the 
former glaciers which therefore contributed mostly schist 
to the proglacial meltwaters. The mean percentages of 
granites, quartzites and altered grits tend to approximate 
the percentage area covered by their bedrock sources, 
probably as a result of their durability. 
7.3.3.2" Fluvial processes and downstream changes 
in lithological composition 
The downstream rates of change in the litho- 
logical composition of the outwash deposits are related 
primarily to the rates of abrasion and to the rates at 
which local debris is added at downstream localities. 
Rapid abrasion of schist particles in the North Esk deposits 
produces a downstream decrease in both mean particle size 
and the relative frequency of occurrence (Figure 7.28, 
page 485 ). The downstream decreases in-, the size of 
quartzite, classified as a 'Durable/Sorted' lithological 
group, result only from small amounts of abrasion and 
sorting, and the relative contribution of quartzites to 
the outwash deposits is consequently fairly constant 
downstream. The size of granite and 
gneiss 
particles, 
classified as 'Durable-Nonsorted' and. Non-Durable/Non-,, 
Sorted' respectively, decreases downstream as-a result of 
sorting and some abrasion, but because their relative 
frequency remains almost constant downstream, neither 
sorting nor abrasion are as effective in reducing the 
proportions present as for schist. The compact-bladed 
shapes of schist particles 
(see Chapter 6.4.2), are more 
easily transported by water than the compact shapes of 
granite particles 
(see also next Section 7.4) so that the 
differences in rates of downstream decreases in relative 
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FIGURE 7.28 
RELATIONSHIP BETWEEN DOWNSTREAM CHANGES 
IN PARTICLE SIZE, SORTING AND COMPOSITION 
IN THE NORTH ESK OUTWASH DEPOSITS 
Downstream rates of change in: b3 negative no significant b3 positive 
change 


























Schist Dolerite - and lava 
ABRASION 
DISTANCE DOWNSTREAM > 
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frequency of schist and of granite and gneiss particles 
must be largely related to comparatively small amounts 
of sorting and much greater resistance to abrasion. The 
three remaining lithological groups, altered grit, 
dolerite + lava and sandstone, all increase in proportion 
downstream, despite each possessing a different classifi- 
cation (see Table 7.4). The rate of wear is, therefore, 
only of secondary importance compared with the rate of 
downstream additions of new, local debris to the outwash 
deposits. 
7.3.4. CONCLUSION 
The lithological composition of the outwash 
deposits becomes more varied with increasing distance 
from the ice-margin. The relative proportion of each 
lithology is not necessarily related directly to the 
percentage area of the basin covered by its bedrock source 
since differential fluvial abrasion and sorting, and 
addition of fresh debris from tributaries and from the 
reworking of underlying deposits, all produce a complex 
pattern of downstream changes in the size, sorting and 
composition of the outwash deposits. The study of the 
size, sorting and relative frequency of each lithological 
group, and of minor lithologies present, allows the 
influence of fluvial processes on downstream changes in 
these characteristics to be more fully interpreted. 
The factors which influence the downstream rates 
of change in the percentage of each lithological group 
present in the outwash deposits may be summarized as 
followst 
(a) Particle durability and rate of wear;;: 
(b) Distance from, bedrock. source; 
''(c) Initial proportion of-each lithology present; 
(d) Size of particles at the ice-margin; 
and (e) The rate of influx of new lithological types. 
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7.4. DOWNSTREAM CHANGES IN MEAN PARTICLE 
SHAPE IN THE OUTWASH DEPOSITS 
7.4.1. THE BOSSONS OUTWASH DEPOSITS 
The roundness index of schist particles on the 
Bossons valley-train decreases significantly over a distance 
of 200m from the ice-margin (Figure 7.29, page 488 and 
Table 7.10). Close inspection of the data reveals a three- 
fold pattern of downstream changes in particle roundness. 
An initial rapid increase in roundness occurs from 0 to 40m 
downstream; roundness gradually decreases as far as about 
160m downstream, beyond which roundness values steadily 
increase downstream. The trend of initial rapid rounding 
and abrasion is checked at 40m by the influx of frost- 
shattered and more angular debris from the valley sides, 
while progressive particle breakages also act to reduce 
the mean particle roundness of the valley-train sediments. 
The additions of debris from the valley sides cease at 
about 160m downstream so that the progressive rounding of 
particles may continue undisturbed. Abrasion is clearly 
an unimportant factor'in the downstream reduction of mean 
particle sizes, since roundness values tend to decrease, 
rather than increase, over the valley-train. Attrition, 
which causes particle breakages, may be more effective, 
although less than five per cent of schist particles 
exhibit breakage features (see Table 6.17, page 382 
). 
A similar downstream decline in roundness is 
exhibited by granite particles, although the trend is not 
statistically significant (Figure 7.29 and Table 7.10). 
The roundness of quartzite particles tends to increase 
downstream, but the few samples available have resulted 
in wide variability of roundness values and no significant 
trend (Figure 7.29 and Table 7.10). Downstream reductions 
in particle size of these two lithologies must also, 
therefore, be mainly due to hydraulic sorting. 
488 
FIGURE 7.29 
DOWNSTREAM CHANGES IN MEAN ROUNDNESS 
OF CLASTS IN THE BOSSONS OUTWASH DEPOSITS 
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7.4.2. The Strathmore outwash deposits 
Downstream changes in the particle roundness of 
the different lithological groups were found to be best 
defined by an exponential function, in which 
Cox 
R= Ro e (7.5) 
where R is the Cailleux or Tricart roundness index (Tricart's 
index is used here to facilitate calculations), R0 is the 
roundness index at source, e is the base of natural 
logarithms, C4 is the coefficient of roundness change1 and 
x is the distance from source in km. Nine out of the 
fourteen roundness-distance correlations exhibit a 
significant exponential increase with distance downstream 
in the North Esk and South Esk outwash deposits (Table 7.10 
and Figures 7.30 and 7.31, pages 493 and 494 ). The 
rates of downstream increases in roundness are much greater 
in the North Esk deposits than in the South Esk deposits, 
partly because of low values of significance, and partly 
because of the greater effect of particle breakage in the 
South Esk deposits (see Table 6.17, and Section 7.5). 
The rates of rounding of each lithology are best 
interpreted in relation to downstream changes in size, 
sorting and relative frequency, as outlined for the North 
Esk deposits in Figure 7.28 (page 485 ). The major upland 
lithology, schist, exhibits a downstream decrease in size, 
sorting and relative-frequency, each of which must partly 
result from abrasion because of the complementary downstream 
increase in particle roundness. The cubic trend surface for 
the roundness of schist clasts in the North Esk outwash 
deposits (Figure 7.32a, page 495 ; and Appendix 5) 
demonstrates a general west to east increase in particle 
roundness, especially across the southern half of the deposit, 
followed by a final decrease near Marykirk. Variability in 
roundness from the cubic surface 
(Figure 7.32b), is highest 
in samples from the central section of the deposit, so that 





4 (7.6) 2 
where the constants a4 and b4 are given in Table 7.10. 
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FIGURE 7.32 MEAN ROUNDNESS OF SCHIST CLASTS 
IN THE NORTH ESK OUTWASH DEPOSITS 
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the downstream increase in roundness is partly masked by 
the trend surface when compared with the linear, graphical 
plot. 
The relative frequency of quartzite and granite 
particles does not change significantly downstream, and neither 
undergo very rapid changes in particle roundness (see b4 
values, Table 7.10). The downstream reductions in size 
and sorting are much greater for granite than for quartzite, 
suggesting that size reductions of granite particles are 
produced by attrition and breakage as well as by abrasion 
and rounding. Gneiss particles in the North Esk outwash 
deposits become rapidly rounded downstream, so that particle 
size also decreases fairly rapidly downstream. Both the 
relative frequency and mean roundness of the durable, well- 
sorted altered grits increase downstream. Even considerable 
abrasion has not been sufficiently effective to cause large 
downstream reductions in particle size and hence in relative 
frequency. Particle roundness increases can, therefore, 
only have a minimal effect on the size of durable particles 
in the deposit, while breakage and sorting are the dominant 
size-reducing processes. 
The relative frequency of the lowland lithologies 
also increases downstream and is generally associated. with 
increases in particle roundness (see-Table 7.10). The size 
and degree of sorting of sandstone particles decrease down- 
stream, and must partly result from rapid downstream 
increases in the degree of roundness (Figures 7.30 and 7.31) 
and in the large proportion,. of_breakages experienced by 
sandstone clasts (Table 6.17). The dolerite. + lava group 
are less rapidly abraded, and the rate of downstream reduction 
in clast size is consequently_smaller than the sandstone 
group. 
7.4.3" CONCLUSION 
Particle roundness in the'outwash deposits does 
tend"to increase significantly, following an exponential 
trend, 'after an initial distance'of at least 150 to 200m in 
which local variability in amounts of abrasion, attrition and 
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additions of debris from other ice-marginal sources is at 
a maximum. The rate of particle rounding depends mainly 
on"lithological type, and can be used to explain rates of 
downstream changes in size, sorting and relative frequency, 
although abrasion seems to have had a minimal influence in 
these outwash deposits, compared with breakages and hydro- 
dynamic sorting processes. The introduction of the degree 
of roundness as a fourth variable, and of subsequent 
variables such as the amounts of breakage and percussion 
marking from impact during stream transport (see Section 
7.5), illustrates the complexity of explanations of down- 
stream decreases in. particle size. 
7.5. DOWNSTREAM DECREASES IN THE 
'DEGREE OF WEATHERING' 
Differences in the rates of downstream decrease in 
particle size may partly depend on the state of disintegration 
of the particle. Some of the present observations of the 
'degree of weathering' (Chapter 6.5) probably relate to 
phenomena which occurred after deposition of the sediments. 
Significant downstream changes in such features as the 
proportions of broken, pitted, decomposing, striated and 
percussion-marked clasts are not expected to be present, 
since they represent the internal homogeneity of weathering 
associated with contemporaneous deposits. Out of 80 
correlation calculations of these 'weathering' features for 
each lithological group with distance downstream, 16 
correlations proved significant (atd ? 0.100),, of which 2 
were significant at the_0.001 level of significance (Table 
7.11). 
One would expect more rapid size decreases of 
those lithologies which maintained or increased their 
proportion of well-weathered,, unconsolidated clasts if 
downstream changes in particle 'weathering' had occurred 
during transportation. Adownstream increase in the pro- 
portion of broken dolerite + , 
lava clasts in the-South Esk 
deposits, -for example, is: associated with the most rapid 




Downstream changes in 'weathering' surface features 







Bossons 1. Percussion marking of 
schist (0.050) and 
granite (0.100) clasts 
2. Striated schist 
clasts (0.050) 
North Esk 1. Solution pitting of 1. Percussion marking 
sandstone clasts of altered grits 
(0.050) (0.100) 
2. Decomposition of 2. Decomposition of 
u Z artzite clasts schist (0.010) 
0.050) granite (o. o5oj 
and sandstone 
(0.010) clasts 
South Esk 1. Solution pitting of 1. Decomposition of 
sandstone clasts" granite (0.050), 
(0.050) quartzite (0.100), 
2. Broken clasts of and 
dolerite + 
lava (0.001) 
sandstone (0.050), Glasts and dolerite + lava 
(0.001) 2. Striated gneiss 
clasts (0.010) 
(significance level indicated in brackets) 
increase in the proportion of pitted sandstones is unlikely 
to have affected the rate of size decreases, however, since 
solution pitting probably occurred after deposition and 
because the rate of size decrease in the North Esk deposits 
is significantly higher than in the South Esk deposits. 
The downstream increase in the proportion of striated clasts 
in the Bossons outwash deposits suggests either that the 
striations were not 'glacially-induced', but were formed by 
abrasion of clasts on the stream bed, or that the striated 
pebbles are also derived from the lateral moraines forming 
the valley sides. The proportion of striated gneiss clasts 
in the South Esk deposits is the only recorded decrease 
499 
downstream in striated clasts. The proportions of striated 
clasts are generally very low (see Table 6.21, page 4+02 
and little change or apparent removal of scratch marks has 
occurred downstream. Very few striated pebbles may have 
been present in the first place, as seems to be the case at 
Bossons, or scratch marks were rapidly removed close to the 
ice-margin by fluvial abrasion. Downstream increases in 
the percussion marking of clasts suggests that particle 
impacts become more important or more effective downstream, 
but the proportions of marked pebbles, in any case, remains 
very high at all localities. The downstream decreases in 
the proportion of decomposing clasts in the Strathmore 
deposits suggest that the larger, upstream clasts show. 
signs of decomposition more readily than smaller particles 
downstream which present smaller surface areas and may also 
represent the unweathered 'core-stone' fraction of the 
original, large clast. Downstream differences in the 
degree of decomposition appear, therefore, -to result from 
size decreases rather than acting as a partial cause of 
size decreases. - - 
The average values of the 'degree of weathering' 
of coarse clasts-(see Chapter 6.5) are probably more valuable 
in explaining differential rates of size decreases. The 
proportion of broken clasts, at least in the North Esk 
deposits, is closely related to rates of size decrease. 
Similarly, the value of the intercept coefficients (i. e. 
the values at the ice-margin) of pitted and percussion- 
marked crystalline lithologies, and of-all decomposing 
particles, are also closely correlated with rates of 
decrease in particle size. The average 'degree of weather- 
ing' of each lithological group,, and the 'degree of weather- 
ing' near the meltwater source, appear to affect the rates 
at which particle sizes decrease downstream, while downstream 
changes in these weathering features have little such 
influence. 
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7.6. THE V, 
S 
OF PARTICLE SIZE 
EEN EACH OUTWASH DEPOSIT 
7.6.1. FACTORS AFFECTING DOWNSTREAM RATES OF 
CHANGE OF PARTICLE SIZE AND SORTING 
Data presented in previous sections provide firm 
evidence for the influence of lithological type, the 
relative frequency of each lithological type and some forms 
of particle weathering on differential downstream rates of 
change of size and sorting of particles in each outwash 
deposit. Large b1 values were found, for example, to be 
associated with the least resistant and most weathered 
particles, while b1/b2 plots showed that lithological groups 
were differentially affected by abrasion and hydraulic 
sorting. The effects of downstream size changes through 
abrasion, attrition and sorting were made clearly evident 
through downstream increases in the mean, roundness index; 
the more resistant lithologies exhibited the slowest rates 
of rounding, while the softer lithologies were rapidly 
rounded, except where their friability allowed them to be 
broken or fractured by abrasion and attrition rather than 
to be rounded off. 
The rates of downstream change in particle size 
(bl), sorting (b2), relative frequency (b3) and roundness 
(b4) tend to be greater in. the North Esk than in the South 
Esk deposits, except for the more-durable lithological 
groups. Other factors must also contribute, therefore, 
to the b values in order that, the differences between the 
outwash deposits may be more completely explained. 
The gradient of the outwash plain or valley-train 
may play an important role through its feed-back influence 
on the competence of the meltwater streams to transport 
debris to downstream localities. The outwash slope is 
significantly correlated with mean particle size within 
each area, but good-'correlation between different areas is 
masked by other regional factors such as initial stream' 
competence, the rate of sediment supply, the-availability 
of debris, the degree of channel aggradation and the relative 
height difference between proximal and distal-portions of 
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the proglacial slope. Three graphs (Figure 7.33a, b 
and c, page 502 ) illustrate some of the best relationships 
found between gradient, -or a factor derived from gradient 
values, and the rate of decrease in particle size or 
standard deviation. There is a general tendency for 
greater rates of size decrease to occur on steeper gradient 
outwash deposits (Figure 7.33a), especially where the 
difference between the steepness of the proximal and distal 
slopes is relatively small (Figure 7.3.3b). The length of 
, each slope segment does not appear 
to be important, as the 
weighted mean gradients, which take slope length into 
account, are closely correlated with rates of particle size 
decrease and of particle sorting (Figure 7.33c). This 
relationship may prove useful in the interpretation of 
ancient outwash deposits, since downstream rates of particle 
size decreases may be indicative of the height range over 
the deposit, and possibly, therefore, of the paleo-slope. 
The influence of the particle size and degree of 
sorting at the ice-margin on the subsequent downstream 
rates of change has already been mentioned, and does indeed 
appear to be a major factor affecting the b values. The 
close relationship between a1 and b1 values and between a2 
and b2 values (and all other alpha and beta values recorded) 
within each-outwash deposit also remains consistently high 
between each outwash deposit (Figure 7.34a, page 503 ). 
The larger the particles at the ice-margin, the more 
rapidly are they reduced, or apparently reduced, in size 
downstream. The coarser the deposit initially, the more 
poorly sorted it is, and the more rapidly is its sorting 
improved (Figure 7.34b and c). 
The relative position of each lithological type 
on the a/b plots varies, however, according to the region. 
Quartzite, altered grit and sandstone tend to occur at 
opposite extremes of each plot, representing extremes of 
particle resistance. Other factors also 
account for any 
regional differences, including low statistical explanations 
of size-distance relationships, the different distances 
which similar lithologies may have travelled in each deposit, 
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'FIGURE 7.33 
CHANGES IN PARTICLE SIZE AND SORTING 
AND ASSOCIATED OUTWASH GRADIENTS 
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and variations in the size of each lithological group at 
the ice-margin. 
7.6.2. FACTORS AFFECTING THE INITIAL SIZE 
AND SORTING OF OUTWASH PARTICLES 
Each lithological group in each deposit is 
characterized by a different a1 value, which represents the 
mean particle size at the ice-margin. Lithological control 
is important in affecting the initial size and sorting of 
the whole outwash deposit in the ice-marginal meitwaters, 
and thence in helping to determine the downstream rates 
of change in these variables, and consequently in the 
variables discussed above (Section 7.6.1). Particles 
entering the North Esk outwash deposits, for example, are 
initially larger than their equivalents in the South Esk 
deposits (Figure 7.35a) while the particles entering the 
Westwater deposits are generally smaller than particles 
entering either the North Esk or South Esk outwash deposits 
(Figure 7.35b and c). The greatest differences in_values 
of 'a' are associated with the sandstone and gneiss 
particles, while the greatest consistency in values of 'a' 
between these three deposits occurs with the dolerite + lava 
group. The a/b plots (e. g. -Figure 7.34a) indicate that, 
despite different initial particle sizes, a constant 
relationship still exists between the initial size and 
its downstream rate of change, regardless of lithological 
type. Lithological type, acting through initial particle 
size, only determines the position of'each point along a 
constant line. The slope and position of the a/b line, 
as with the b1/b2 plot, appears to change only with large 
changes in regional conditions, so that the valley-train 
deposits of Glen Lethnot, and Bossons are, clearly separated 
from the plots of the Strathmore deposits. Few other 
workers appear to have considered why different lithologies 
should possess different initial sizes and degrees of 
sorting in a single, or in different outwash deposits 
(but 
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7.6.2.1. Availability of sediment 
Sediment size analyses of glacial debris, 
including ice-contact deposits such as moraines, which have 
not been reworked by meltwaters, suggest that an extremely 
wide range of particle sizes are available in large 
quantities for removal by meitwaters (e. g. Sharp, 19+7; 
Portmann, 1956; Price, 1969; Rust, 1972; Bogacki, 1973; 
Galon, 1973b; Kozarski and Szupryzinski, 1973; Tremblay, 
1973)" The assumption may be made for practical purposes 
that sediment particles of all sizes constitute the glacial 
source materials for subsequent meltwater transport. The 
size of particles deposited in the uppermost outwash 
deposits depends, however, not only on the size and quantity 
of particles in the debris source, but also on the ability 
of the meltwater streams to remove certain quantities of 
sediment of particular sizes (see below, factor 7.6.. 2.2)rhe 
initial size of different lithologies varies so much, 
however, that initial size must also depend partly on the 
original size of particles weathered or removed from the 
bedrock source and on the differential amounts of diminution 
of particles of each lithological group within the glacier 
itself (see below, factor 7.6.2.3). 
7.6.2.2. Stream competence and movement of 
coarse bedload clasts at-the ice-margin 
Some characteristics of flow conditions in the 
meltwater streams depositing the sediments which were sampled 
can be determined from knowledge of (a) the predicted mean 
size of coarse clasts at the ice-margin 
(a1 values) and of 
(b) channel slope, here regarded as equivalent to the slope 
of the proximal surface 
(see Table 7.12, 'summary of formulae', 
chapter 5.5, and Appendix 2). The tractive force is 
functionally related to particle size (see Chapter 5.5. and 
Appendix 2), and reached a maximum of about. 145 g/m2 in the 
Glen Lethnot deposits*,, compared with only about 8 g/m2 in 
the Bossons outwash deposits. Calculation of mean stream 
velocity is"based on estimates of stream depth (either from 
equation (7.8)`, 'or from height' of'current ripple forms 
(e. g. Jopling, 1966; -Allen, 1969 in Williams, '1971) ) and- 
of Manning's roughness coefficient, n (see 'summary of 
formulae' notes following Table 7.12). A maximum depth of 
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1.40m occurred in the North Esk meltwater streams, but 
the estimated stream depth at Bossons attained only 0.07m, 
which would probably represent a period of sheet flow by 
flood meltwaters. The mean flow velocities all exceed the 
minimum flow velocities calculated by Hjulstr8m (1935) to 
allow erosion of the sampled outwash sediments. Stream 
discharge depends on the mean flow velocity, stream depth 
and stream width. Width may be estimated from (a) the 
width of bedform structures such as trough cross-bedding 
(see Chapter 5.4) or-from (b) the 'expected' width-depth 
ratio. No evidence of bedform structures was present in 
the coarse, ice-marginal, proglacial deposits, so the 
width-depth ratio was estimated on the basis of data 
presented in Chapter 5.4( and see especially Figure 5.13, 
page 250 ). A maximum width-depth ratio of 40 was 
observed at Bossons, so w= 40d was selected as a first 
estimate (but see footnote 2 to parameter 
(8) in Table 7.12). 
The discharge of meltwater straeams issuing from the 
different ice-margins reached/maximum of 715.44 m3/s in the 
North Esk outwash, and a minimum of only 0.73 m3/s at Bossons. 
The estimated discharge for the Bossons meltwater stream is 
only slightly greater than values recorded during the height 
of the meltseason in July 1971 
(see Chapter 2.5, Chapter 
5.5.3 and Appendix 1). The discharges of the paleo- 
meltwater streams are of a similar order to those of 
meltwaters draining present-day glaciers in Alaska and 
Baffin Island (see later, Table 13) and of major Alpine 
glaciers. The calculated Reynold and Froude numbers 
indicate that turbulent, rapid flow prevailed during 
sediment deposition in each of the meltwater streams. 
Estimates of the rate of bedload movement vary 
according-to--which bedload equation is employed 
(see 
Appendix 2). Einstein's bedload equation (parameter (12) 
in Table 7.12 and in-notes to Table 7.12). produces rates 
of bedload movement exceeding 30 kg/s for the North Esk 
deposits, compared with"about 0.24 kg/s at Bossons. These 
two estimates-correspond-closely with estimates from 
bedload equations. 'proposed by Meyer-Peter and Moller in which 
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Table 7.12 








(1) all (mm) 61.970 
all x 103(m) 0.062 
(2) -(c (kg/m2) 0.0078 
(g/m2) 7.7710 
(3) S (rn/m) 0.1060 
(4) d (m) 0.0733 
(5) V. (m/s) 0.0762 
(6) Manning's n 0.025 
(7) v (m/s) 3.39 
(cm/s) 3 39.08 
(8) w (m) 2.932 
(9) q (m3/9). 0.73 
(10) Re (m 2/8) 2. 21x105 






gs (kg/m/s) 0.0807 
GE (kg/s) . 0.2365 
(13) Meyer-Peter 
and Müller's 
bedload equation (i) 
-gst 
(kg/m/s) 0.0019 
Gs1 (kg/s) 0.0056 
(14) Meyer-Peter 
and Müller's 
bedload equation (ii) 


































13.300 13.174 13.172 13.158 
o. o4o 0.045 0.045 0.045 
0.5480 0.1377 0.1291 5.9304 
30.7406 2.1780 4.3293 69.9908 
. 
0.0169 0.0039 0.0037 0.1696 
0.94761 0.06201 0.12331 2.0017 
, o. 64831 0.01121 0.01911 1.2160 
36.39601 0.17681 0.64071 14.3512 
(')see 
summaryý'of equations below 
(2)Mean 
of 10 largest clasts 
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Summary of equations employed in calculation of 













a 'ý = a1 at x=10m, where x= 
distance from ice-margin 
(2) -(c = critical tractive foEce 
(kg/m ) 
= 0.076 (Ts -6 )all T (7.7) c 
where Z' = density of s sediment = 2.65 
9/cm 
3 
= density of fluid, 
= 1.00 19/cm 
(3) S= slope, taken as mean slope b values of 




(4) d= depth of stream flow (m) 
d=T /V (7.8) c s 
where W is taken as 1000 kg/m2 
and 'rc is in kg/mz 
(5) V, = shear velocity (m/s) 
V* = (dSg)-i (7.9) 
where g= acceleration due to 
gravity, taken as 9.81 m/s 
(6) Manning's n= roughness see Church, 
coefficient, using 1970 
Sttickler's equation: 
n=0.039 (al)4 (7.10) 
where al is in metres 
(7) v= mean flow velocity 
(after Manning) 










w= width of flow, estimated 
from w_ 401 which is the d 
maximum observed width-depth 
ratio at Bossons; w= 10 d 












q meltwater discharge 
(m3/s) 
gwxdx Zr 
Re = Reynold's number; 
Re > 500 = turbulent flow 
Re = vd/J 
where kinematic viscosity, 
which is -`- = 1.124 x 10 
1 /0 m2/s 
where = dynamic viscosity 
and /o = density 
Fr = Froude number; ]Pr > 1.0 
rapid flow 
Fr = w/(dg) 
Einstein's equation for esti- 
mating the rate of move Eent, 
of bedload sediments, Gs 





f(l1) determined graphic- 
ally from plot of LI1 V. 
9s 1 
ys9 T5-- a, 
G$= gs x1 
see Figure 1 
7.13 in Graf, 
1971 and page 









Summary of equations continued. 
Flow Source Equation 
pars- Equation of number 
meter data 
(13) Meyer-Peter and Miller's See Graf;. 
equation (i) for estimating 1971 
the rate of movement of 
bedload sediments, Gs141 




0.02+7 _ 0.25(p) 3. 
all 
(g8)l 
a; (16 5-ö) 
where Rh~' d; k/k' taken as 1.0, 
because no evidence of any bed- 
form-structures; o taken as 
1.0 g/cm2 
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G81 =Ml xw 
Meyer-Peter and Müller's See 
equation (ii) for estimating.,. -Church, 
the rate of movement of 1972 






where t0 is in g/m2, and 
g is taken as 981 
cmýs2 





the comparable values are 36.4 kg/s and 0.29 kg/s 
respectively (equation ii, parameter (14) in Table 7.12 
and in notes to Table 7.12). The other estimates (Table 
7.12) are quite variable; Meyer-Peter and Müller's first 
equation (parameter (13) ) probably represents the 
minimum amount of bedload, and Einstein's the maximum 
amount of bedload which could be removed under the given 
flow conditions. 
The estimates of flow and paleo-flow parameters 
are subject to several kinds of error. The sources of 
error include (a) the initial measurement of particle size 
and of slope; (b) the assumptions that S channel slope, 
that d ý-' hydraulic radius, Rh, that w= 40d, and that mean 
clast size is representative of the mean bedload size (but 
see Mackin, 1948; Moss, 1972), and (c) the application of 
formulae originally tested on small quantities of homo- 
geneous fluvial sediments to large volumes of heterogeneous 
bedload sediments. Most of the calculated flow parameters 
are not independent of particle size, although the more 
complex, multivariate parameters are less dominated by 
particle size. 
The differences in particle size in front of each 
of the glacier snouts means that each of the meltwater 
streams possessed a different critical tractive force, mean 
velocity, flow regime and rate of bedload movement at the 
moment of sediment deposition. These flow parameters can 
also be estimated for the meltwater streams in any part of 
the outwash deposit. The flow parameters may, conversely, 
be regarded as causal factors in producing sediments of a 
particular size at the ice-margin. Differences in initial 
particle size at each glacier snout must result,. therefore, 
from differences in the, major hydrodynamic flow parameters. 
These first estimates of meltwater flow conditions may 
eventually lead to estimates of annual meltwater and sediment 
discharges and of the amounts of sediment removed annually 
from a formerly glaciated region. 
513 
7.6.2.3. Drainage area and distance of 
glacial transport 
The initial mean size of particles at the ice- 
margin tends to be greater in front of the larger glaciers 
than in front of the small glaciers (Figure 7.36a). The 
maximum possible glaciated area of the Scottish glaciers 
has been estimated from one-inch O. S. maps using the basin 
watershed as the glacier boundary. Such estima: tes are 
likely to exceed the true size of the zone I,. valley glaciers 
(see later, Figure 7.40b, page 527 ). Evidence from four 
localities (excluding Glen Lethnot) (see Figure 7.36a) 
suggests that the size of particles at the ice-margin may 
depend particularly on the distance over which each particle 
is transported within or beneath the glacier itself. The 
maximum distance between the ice-margin and upland bedrock 
outcrops of each lithological group tends to be inversely 
related to the mean size of each lithologicalgroup within 
each ice-marginal, proglacial outwash deposit (Figure 
7.36b, c and d). The relationships between different rock 
types and the minimum and mean distances of`glacial transport 
are generally much poorer. Other workers have noted the 
downvalley decrease in size of englacial particles (e. g. 
Lister, 1958.1973; Boulton, 1970a); the negative relation- 
ship between the maximum distance over which the particles 
could have been transported and the particle size at the 
glacier snout supports their observations. 
The steeper the best-fit line in plots of a1 values 
against maximum distance of glacial transport, the greater 
the amount of abrasion that has taken place within the 
glacier; particles in the South Esk and Westwater glaciers 
therefore appear to have undergone similar degrees of size 
reduction during glacial transport (slope of best-fit line 
0.03 approx. ) compared with the North Esk glacier, in which 
slightly greater reduction of particle sizes occurred (slope 
0.04 approx. ). Large residual values for some lithologies 
reflect variations in local ice transport conditions and in 
the size of freshly weathered rock fragments. 
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FIGURE 7.36 
GLACIATED AREA, DISTANCE OF GLACIAL TRANSPORT 
AND MEAN PARTICLE SIZE AT THE ICE-MARGIN 
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Glacial transport of particular lithologies over 
a very long distance in a very large glacier would, 
however, produce smaller particles at the ice-margin, 
although the relationship seems to hold for glacier areas 
of over 1000 km2 (see later, Figure 7.40b, page 527 ). 
7.7. COMPARISON OF RESULTS WITH OTHER AREAS 
Comparison of the present observations with data 
collected by other workers in twelve major proglacial 
regions (Table 7.13, pages 517 to. 520 ) is hindered 
by sampling differences and differences in the types of 
particles measured. Many. workers also omit. measurements 
of associated factors such as the nature and gradient of 
the site. The main differences in sampling relate to 
(a) the lithological type, which some workers neglect 
to mention (e. g.. McDonald and, Banerjee, 1972; Rust, 
1972) ; 
(b) the limits selected as the minimum and/or maximum 
sizes to be measured in the samples. The choice of 
a minimum limit may partly determine whether the 
downstream rate of decrease in size'is exponential 
or double-logarithmic (see Section 7.2.4.1. 
(3) ); 
(c) the sample size; some workers select only the 
ten largest clasts at the sampling site (e. g. 
McDonald and Banerjee, 1972; =--Boothroyd, ý1972; 
Church, 1972; ' Stanley and Wayne, 1972), others 
the fifty largest (e. g. Bradley''et al., 1972) 
while others neglect to mention the sample size 
(e. g. Fahnestock, 1969; Rust, - 1972); 
(d) the axis of the particle; workers have measured 
the longest axis-(e. g. -Boothroyd, 1972) or, 'more 
frequently, the intermediate axis (e. g. McDonald 
and Banerjee, 1971;, ', Bradley et al., 1972; Church, 
1972; Stanley and Wayne, 1972), the latter being 
considered tobe more closely related to-hydrodynamic 
conditions-(e. ge'see Slaymaker and Church, 1971; - 
Church, 1972; Nordseth, 1973a); 
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(e) the number of samples, ranging from only 4 on 
the Donjek outwash (e. g. Rust, 1972) to 42 on 
the Knik outwash deposits (e. g. Bradley et al., 
1972); 
(f) the sampling plan. Some workers select sites 
systematically along the valley-train (e. g. 
Boothroyd, 1972), others select the sites randomly 
(e. g. Ehrlich and Davies, 1968), while some workers 
do not appear to have employed a specific sampling 
plan (e. g. Jones and Quam, 1944; Fahnestock, 1969; 
Rust, 1972) and 
(g) the nature of the sample site. Most workers ensure 
that the sample sites are located on the coarsest 
or highest surfaces of emerged bars (e. g. Fahnestock, 
1963; Boothroyd, 1972; Bradley et al., 1972), while 
others do not specify the nature of the site. (e. g. 
McDonald and Banerjee, 1971; - Church, 1972; Rust, 
1972). 
The rates of decrease in particle size with 
increasing distance from the glacier snout is significant 
in each of the twelve areas summarized in Table 7.13" 
Most decreases follow one or two double-logarithmic curves 
(Figure 7.37, Page 522). Despite the many differences in 
sampling, in gradients and in lithological types, the rates 
of size decrease for most regions are not significantly 
different. Double-logarithmic regression of the size and 
distance data using a series of dummy variables (see Johnston 
1960, pp. 221-228) indicates that 10 out of 14 regional plots 
may be described by a common slope, with only varying 
intercept values. The predicted mean slope, b1, is -0.294 
(SE = 
±O. o75), while predicted intercept values, a. 'ý (at 
10m from the ice-margin), range from a maximum of 965mm on 
the Peyto outwash, to a minimum of 68mm on the Bossons 
outwash. Calculations also show that the b1 values of 13 
out of 16-significant size-distance relationships in the 
North Esk, Westwater.: and South Esk paleo-outwash deposits 
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The range of b1 values common to many outwash deposits may 
prove valuable as a predictive tool in paleo-outwash 
research. 
The significance of the common slope value is 
not so close, however, as to mask an increase in b1 values 
with increasing intercept, or all values (see below). The 
differences or similarities in a1 and b1 values in 
different outwash deposits probably reflect some of the 
physical conditions operating in the proglacial region, 
and could have considerable geomorphological significance. 
7.7.1. DIFFERENCES IN b1 VALUES 
7.7.1.1. Lithological type 
The lithological types measured in the twelve 
regions discussed (Table 7.13) are relatively resistant 
crystalline rocks, and include gneisses, quartzites, grano- 
diorites and volcanics. A few weaker lithologies include 
sandstone (e. g. Boothroyd, 1972) and quartz-mica-schist 
(e. g.. Ehrlich and Davies, 1968). The available data do not 
indicate conclusively that the softer lithologies are 
associated with significantly higher b1 values. 
7.7.1.2. Particle shape 
Church (1972) noted'atsignificant downstream 
increase in particle roundness, which may be attributed to 
progressive abrasion, while Bradley et al. 
(1972) recorded 
a downstream increase in the elongation of quartz and 
greywacke Glasts, which they considered resulted from 
selective transport of elongate clasts over compact clasts. 
Higher b1 values may be more closely associated with 
compact particles which are selectively deposited most 
rapidly, but further data are necessary to test this hypothesis. 
7.7.1.3. Degree of weathering 
The possible effect of di 
degree of weathering on downstream 
been considered briefly by Bradley 
considered that frost-splitting of 
on bars or banks was insignificant 
deposits which they were studying. 
Dwnstream changes in the 
particle size changes has 
et al. (1972). They 
clasts temporarily exposed 
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7.7.1.4. Gradient 
The gradient of the outwash surface is 
significantly correlated with mean particle size within 
each area (Figure 7.38, page 524 ). No significant 
relationship exists, however, between the mean gradient 
and the b1 value for all the outwash surfaces together. 
7.7.1.5. Initial particle size 
The predicted mean particle size at the ice- 
margin, the a1 value, has a major influence on the subse- 
quent downstream rate of size decrease' (Figure 7.39, 
page 525 ) as in the Bossons and the Scottish deposits 
(Figure 7.34, page 503 ). Ice-marginal particle sizes 
may, therefore, be useful in predicting the downstream rate 
at which particles decrease in size, regardless of local 
geomorphological conditions. The larger the residual of 
each point from the best-fit line, the more influence do 
local conditions have on the downstream rates of decrease. 
The consistent relationship between the a1 and b1 values 
arises partly because a1 is not completely independent of 
bl, and partly because of the constant relationship within 
each outwash deposit between the mean particle size 
measured from each part of the deposit and the average. 
distance over which the particles have been transported. 
17.7.2. DIFFERENCES IN a1 VALUES 
7.7.2.1. Lithological type 
The initial particle size is not determined 
solely by,. lithological type, since local geological and 
glacial conditions vary so much from region to region. 
Insufficient information has been published for each region 
to allow more detailed investigation into the role of 
lithological variations on changes in initial particle size. 
1 Mathematically, however, a, is partly determined from 
the b1 value, using the equation 
a1 =Y-b1 X 7.23) 
where y is mean particle size and x is the mean 
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7.7.2.2" Availability of debris 
The assumption is made that all particle sizes 
are present at the ice-margin, so that the initial particle 
size in the outwash deposits depends on the competence and 
capacity of the meltwater streams, assuming they flow over 
the ice-marginal deposits, both within and beyond the ice- 
snout. 
7.7.2.3. Meltwater stream discharge 
The initial particle size increases with maximum 
recorded meltwater discharge (Table 7.13) for the few 
regions for which data are available (Figure 7.40a, page 527). 
The close relationship suggests that meltwater discharge is 
the major factor determining the particle size in the ice- 
marginal outwash deposits. 
7.7.2.4. Glaciated area 
The glaciated area of each meltwater basin has 
been obtained either from published figures or from 
measurements by the author on large-scale maps of the 
appropriate glacier. A positive relationship, significant 
at the 0.05 level, exists between the glaciated area, , 
in each meltwater basin and the calculated mean particle 
size in the ice-marginal outwash deposits, a such that 
a1 = 18.95A0.66 (Figure 7.40b, page 527 ). The larger, 
ice-masses appear, therefore, to be associated with higher 
competence levels in the meltwater streams which deposited 
the sampled sediments, despite large differences in the 
geographical location, local relief and climate, and 
englacial temperature and meltwater conditions at each glacier. 
The likely areas of the source glaciers, giving 
rise to the Strathmore outwash deposits (i. e.. North Esk, 
Westwater, and South Esk) may be estimated from the plotted' 
relationship. The predicted glaciated areas are 10 to 25 
times smaller than the estimated glaciated areas (see 
Figure 7.36a, ' page 514" ) which had-assumed that the ice 
extended to the basin watersheds. The North Esk glacier 
would have covered an area of between 11.22 and 79.43 km2 
(mean 28.18 km2), the South Esk glacier between 5.62 and 
5 27 
FIGURE 7.40 a 
MAXIMUM MELTWATER DISCHARGE 
AND INITIAL PARTICLE SIZE 
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42.66 km2 (mean 15.85 km2), and the Westwater glacier 
between 1.78 and 14.79 km2 (mean 5.37 km2). The relation- 
ship between a1 values and glaciated area as plotted in 
Figure 7.406 remains to be tested for many other glaciated 
basins before its value in paleo-geomorphological studies 
can be objectively assessed. 
7.8. VERTICAL CHANGES IN PARTICLE SIZE 
7.8.1. THE CAUSES AND SIGNIFICANCE OF VERTICAL 
CHANGES IN PARTICLE SIZE 
Changes in particle size through a vertical section 
of outwash deposits result from changes in stream competence 
or availability of debris over a period of time. Periodic 
changes in hydrodynamic or sedimentological conditions in 
proglacial meltwater streams may be produced in several ways. 
7.8.1.1. Lateral migration of stream facies is considered 
to be the most important cause of local changes in stream 
depth and competence. The progressive infilling of 
channels, for example, produces an upward-fining sequence, 
while the downstream migration of a gravel bar results in an 
upward-coarsening sequence 
(e. g. Ore, 1963"(inShaw, ` 1972); 
Visher, 1965; Allen, 1970b; Shaw, 1972; Price, 1974: ). The 
series of maps showing the changes in morphology and channel 
network on the Bossons valley-train between 1968 and 1974 
(see Plates 1, ' 2 and 3, and Figure 5.5, "page 239 ) illustrate 
the rapidity with which local facies can vary over time. 
7.8.1.2. The advance or retreat of the source glacier, 
resulting from climatic change, has-been widely associated 
with changing conditions of meltwater competence with 
increasing distance from the glacier (e. g. Howden, 1870; 
Charlesworth, 1957; Gage, 1958; Sissons, 1963; Speight, 
1963; Denton and Stuiver, 1967; Costello and Walker, 1972; 
and Gilertson 
Rust, 1972; Schumm, 1972; - Spoljaric, 1974; Briggs/, 1972; 
Kozarski and Szuprycynski, 1973; Paterson, 1974)`. " An ice 
advance is considered to be associated with increasing stream 
competence over time'at'each'downstream locality, ' and thence 
with an-upward-coarsening sequence; ' an ice re'treat* is, 
conversely, associated with an upward-fining sequence. 
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Several major assumptions must be made before 
a progressive vertical size sequence can be related to 
ice-marginal advance or retreat: (a) changes in the 
position of the glacier snout, and thence in glaciated 
area, are accompanied either by a corresponding change in 
meltwater discharge, namely, a decrease in meltwater 
production during ice retreat, and an increase during ice 
advance, or by no change in meltwater production (see data 
presented by Rogstad, 1941,1942); (b) variations in 
meltwater discharge and competence, due to ice advance or 
retreat are greater than local variations in meltwater 
: discharge due to facies changes; 
(c) the proglacial 
streams are aggrading their beds; (d) the availability of 
debris remains constant, so that particle size variations 
result wholly from changes of meltwater competence. Changes 
in ice-covered areas may, however, change the amount of 
unconsolidated sediment available for stream transport 
(e. g. Frye, 1961; Meier, 1965; Hewitt, 1967; McDonald 
and Banerjee, 1971; Stanley and Wayne, 1972). 
Evidence of vertical size variations due to 
changes in ice-marginal position should include 
(a) a 
progressive vertical sequence of changes in particle 
size, 
and (b) the presence of these vertical sequences over a 
wide area of the deposit. 
7.8.1.3. Change of base-level or gradient-can progressively 
modify_the, competence of streams... An increase in gradient 
due, for example, to isostatic uplift or a drop in base- 
level, would-increase stream competence and an upward-, 
coarsening sequence of sediments may result:, 
(e. g. Rust, 
~1972; Schumm, 1972; see also Mackin, 1948). 
7.8,2. -VERTICAL SIZE VARIATIONS 
IN THE 
BOSSONS OUTWASH DEPOSITS 
Two sections were sampled to a-depthaof 1.4m and 
0.8m respectively, in the sides of. 'empty'_, kettle-holes, 
after a period. of progressive ice advance,. 
(up,. to 1973) (see 
Chapter 2.4.3 and. Chapter 3). ; 
A: crude. upward-coarsening 




suggesting a possible relationship between ice advance 
and increasing stream competence. This relationship could 
only be substantiated if more sections had been available. 
Table 7.14E 
Vertical size variations in two sections. in 
the Bossons. outwash deposits 
Distance from site 
ice-margin, 
. 
April.. 1973 (m) B118 B220 
35.00 36.6o 
Depth, below surface mean particle size-: (mm) 
m 
0.00 35.18 
0.20 42.24 39.50"- 
0040 44.25 
0.60 34.79 
-0.80 34.05 --29.90 
1.00 28.76 
1.20. 30.69 
1 . 40 - 28.68 
I 
7.8-3. VERTICAL SIZE CHANGES IN THE NORTH ESK GRAVEL PIT 
One'hundred and. twenty-five; coarse Glast samples 
were systematically sampled from an exposed vertical section 
in the North Esk gravel-pit. The sampling plan has been 
discussed_in Chapter 4.2.7.2.2b, and locations of, sample 
points are presented in. Plate 7. _ 
The section was 300m long, 
with maximum depths-of 2m (see Figure 5.26, page 294 ). 
Greater depths were exposed during-the year-following the 
sampling, -and observationswat-these-lower 
horizons have 
since proved critical. 
The pit, face lies parallel to. the major,. paleo-flow.,: 
currents (see Chapter 5.6 and-Chapter 7.2.4.2), and particle-., 
size may, therefore, _be. 
expected-to decrease downstream. - 
These series of outwash sediments represent some of the 
uppermost terrace deposits, and were probably laid down as 
the ice was receding. An upward-fining sequence of sediments 






































might, therefore, be expected, if the assumptions outlined 
above are considered acceptable. Anupward-fining 
sequence, combined with a downstream-fining sequence, would 
produce an average size decrease component which intersects 
these two directions, so that particles of the same size are 
found at progressively higher horizons at progressively 
upstream localities (see Figure 7.42). 
FIGURE 7.42 
'EXPECTED' DOWNSTREAM AND VERTICAL 
SIZE COMPONENTS DURING AN ICE-RETREAT 
DOWNSTREAM SIZE COMPONENT 
Surface of outwash deposit 
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Downstream direction 
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Trend surface analysis of the particle samples 
from the gravel pit exhibits only the vertical size 
component, especially in downstream localities, while 
particle sizes tend to increase downstream 
(Figure 7.43, 
page 533 ; and Appendix 5). The explanation of this 
'unexpected' trend is the coarse bar deposit (see Chapter 
5.6,2) which underlies the downstream sections of the 
pit gravels (see Figures 5.26, page 294 9and 7.41, page 
531 ). The overlying sediments are much coarser than 
sediments lying several hundred metres upstream since they 
represent debris derived directly from the coarse'bar 
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The reworking of a local stream deposit appears 
to have had greater influence on downstream particle size 
changes over a distance of 300m than regional size vari- 
ations, so that small-scale sections are not necessarily 
reliable for determining paleo-flow directions from particle 
size changes alone. The coarser, underlying bar deposit 
itself, may have been deposited during a major flood, during 
normal facies migration, or during a period of increased 
meltwater discharge when the glacier was in a more advanced 
position. 
Trend surface analysis accounts for only about 39 
per cent of the total size-variations (see Appendix 5), 
although all three surfaces are significant at the 0.001 
level. An isoline plot (Figure 7.44, page 534 ) indicates 
the rapid lateral and vertical variations in particle size 
which may occur in a single section of outwash deposits. 
This large local variability emphasizes the need for careful 
and detailed sampling when attempting to establish, for 
example, a size-distance curve for, proglacial outwash deposits. 
7.9. CONCLUSION., 
The comparison of spatial changes in sediment 
characteristics has drawn attention to some features which 
are common to all the deposits, and which should prove 
valuable in , 
the analysis and interpretation of other outwash 
and paleo-outwash deposits. The most significant features 
are summarized below. w 
7.9.1" MEAN PARTICLE SIZE AND SORTING 
(1) The proportion of coarse facies sediments decreases 
systematically downstream, 'while finer sediment loads are 
transported to most downstream localities. The proportion 
of finer facies sediments increases downstream to compensate 
for the selective deposition of coarse sediments farther 
upstream. The sediment facies is correlated with the 
meltwater discharge. 
536 
(2) Mean particle size and standard deviation decrease 
systematically downstream, following a double-logarithmic 
law. The double-logarithmic law replaces the exponential 
law where (a) the gradient is also double-logarithmic in 
form, and (b) a minimum grain size is imposed on the 
measurements. 
(3) Downstream decreases in mean particle size and 
standard deviation are produced mainly by abrasion and 
selective, hydraulic sorting. The relative effectiveness of 
each process may be estimated from the beta coefficients 
(indicating rates of change) in the size-distance and 
standard deviation-distance curves, calculated for litho- 
logical groups of varied durability and initial size. 
(4) The rates of downstream decrease in mean particle 
size and standard deviation depend on five major factors, 
for which specific or relative values can be estimated: 
(a) Initial particle size and sorting; 
(b) Durability of particle and its resistance 
to breakage and abrasion, partly affected 
by its degree of weathering; 
(c) Availability of sediment and additions of 
'new' debris downstream; 
(d) Gradient and stream competence; 
and (e) Distance of transport. 
(5) Local variations in mean particle size and standard 
deviation from the downstream trend are generally less than 
the total downstream variations. Local variations may 
result from 
(i) Local stream conditions: 
(a) Lateral migration of stream facies; 
(b) Vertical accretion of stream bed; 
or (ii) Regional changes: 
(a) Advance or retreat of source glacier; 
(b) A change in local or regional base-level. 
The spatial extent of vertical size variations indicates 
whether they have been produced by factors in group (i) 
and/or in group (ii). 
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7.9.2. PARTICLE LITHOLOGY 
(1) The lithology of the outwash deposits becomes more 
varied with increasing distance from the ice-margin. 
Progressive wear of the less durable lithologies derived 
from within the glacier basin, and continuous additions of 
local material from underlying deposits, valleyside fans 
and tributaries act to reduce the proportion of lithologies 
derived from upstream localities with increasing distance 
downstream in the outwash deposits. 
(2) The rate of downstream change in the proportion of 
each lithology in the outwash deposit depends on four major 
factors, each of which may be estimated: 
(a) Durability of particle and rate of downstream 
change in size; 
(b) distance from bedrock source, (i) during glacier 
transport which may determine the size and 
relative frequency of particles of each lithology 
at the ice-margin, and (ii) during proglacial 
transport in meltwaters; 
(c) the size and proportion of each lithology present 
at the ice-margin; 
and (d) the rate of influx of new lithologies with 
increasing distance downstream. 
(3) The relative frequency of each lithology present 
is not necessarily related to the percentage of the basin 
area covered by the bedrock source. Lithologies are 
differentially removed from the basin and differentially 
abraded and sorted during transport; debris may also be 
added from beyond the basin. 
7.9.3" PARTICLE SHAPE 
(1) Particle sphericity is constant within each 
lithological group and does not change significantly with 
increasing distance from the ice-margin. 
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(2) Particle roundness increases significantly downstream, 
following an exponential law. Roundness may only decrease 
in the initial 200 to 300m of proglacial transport, in 
which larger clasts are frequently broken, and angular 
morainic or other ice-marginal debris may be added to the 
outwash deposits. 
(3) A downstream increase in particle roundness is 
produced by progressive fluvioglacial abrasion, but this 
may have little measurable effect on the mean size of the 
more durable lithologies. 
7.9.4. PALEO-FLOW PARAMETERS 
Many valuable estimates of paleo-flow parameters 
may be determined by the use of empirical, hydraulic 
equations, to give useful information about channel 
morphology, stream discharge and other flow conditions in 







The initial aim of this research was to try to 
identify and account for the major contrasts and similarities 
between some present-day outwash deposits and their Pleistocene 
equivalents. The similarities that have'emerged between 
the two sets of deposits are outstanding; the transport and 
deposition of outwash particles by meltwaters produce an 
almost identical series of sediment types in each area, 
regardless of regional contrasts in geology, age and scale 
of the deposit. 
8.1. MAJOR CONTRASTS BETWEEN THE BOSSONS 
AND STRATHMORE OUTWASH DEPOSITS 
The contrasts in scale (Chapter 4) emphasize the 
large difference in the size of the source glacier, its melt- 
water discharge and rate of sediment supply over the period 
of outwash deposition. The much greater meltwater discharges 
issuing from the Strathmore glaciers (Chapter 7) led to far 
more extensive sedimentation, particularly of large-scale 
and crudely-bedded, coarse flood and bar deposits (Chapter 5). 
Rapid deposition during flood conditions also led to more 
homogeneous facies types accumulating in the. Strathmore paleo- 
deposits; coarse sands and bi-modal coarse pebble facies 
were most frequent,.. compared with fine sands and poly-modal 
pebble facies, containing much higher proportions of silt 
and clay, in the Bossons deposits (Chapter 6). Surface 
deposition of "silt-skins" was found, to have occurred during 
declining flood stages;, removal, by subsequent floods was 
imminent at Bossons, and had already been completed in the 
Strathmore deposits before further coarse deposition took 
place. 
High degrees of leaching, oxidation and particle 
weathering of the paleo-outwash sediments (Chapter-, 6) provide 
evidence of the contrasts. in age;: between the different. series 
of deposits. The pH values of the Strathmore outwash 
deposits are, on average, 2.5 to 3.0_pH: units lower, than the 
recently deposited Bossonssediments (Chapter 2.6), although 
541 
lithological differences probably account for some of this 
contrast in acidity. The paleo-sediment particles themselves 
are frequently iron-stained or rimmed with an iron-rich 
crust up to 10mm thick. The majority of coarse clasts in the 
North and South Esk deposits were found to be pitted, broken 
or partially decomposed as a result of prolonged solution, 
ground-ice activity and hydrolytic processes. The poly- 
mineralic petrological groups in the Strathmore deposits 
were found to be the most susceptible to the effects of post- 
depositional weathering, but few of the granite and schist 
particles at Bossons bear any signs of oxidation, solution 
or disintegration. 
The long period of time since de-activation and 
abandonment of the Strathmore outwash deposits also allowed 
their original surface morphology to be modified by later 
fluvial activity and terrace formation, and differential 
isostatic uplift (Chapter 4). The average gradients of the 
proximal and distal outwash slopes have been increased by up 
to 0.4m/km, representing a maximum uplift of nearly 20 per 
cent of the original gradient. The original gradients were 
still substantially lower than the present steep, but short, 
valley-train of the Bossons glacier. 
The much longer distance covered by the Strathmore 
meltwater streams allowed greater opportunities for particle 
abrasion and sediment sorting (Chapter 7). Average particle 
roundness of every major lithological group in the Strathmore 
deposits was found to increase significantly with increasing 
distance from the former ice-snout. Frequent particle 
breakages and'contamination'from valley-side debris slopes 
preclude the development of a similar downstream distribution 
of rounded particles on the Bossons valley-train. 
8.2. MAJOR SIMILARITIES BETWEEN THE BOSSONS 
AND STRATHMORE OUTWASH DEPOSITS 
The contrasts in sedimentology only reflect differences 
in the scale and age of the deposit and do not mask the 
distinct effects of similar modes of deposition on the overall 
particle characteristics of the two series of outwash sediments. 
Similar sedimentary structures may be observed at Bossons as in 
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the Strathmore deposits, although their relative frequency 
may vary. Plane-bed flood deposits, formed of coarse, 
imbricated clasts, are present on bar tops in all the outwash 
environments, intercalated with cross-bedded structures which 
formed as ripples and dunes on channel-floors. Rapid lateral 
and vertical changes in facies type in each series of 
deposits reflect the dynamism and instability of the bar and 
channel facies in a braided system. 
The particles composing each of the outwash deposits 
also cover similar ranges of size; particle size deficiencies 
are found to occur in similar grades, particularly between 
-3.5 and -4.5 phi 
(mean of 16 mm). The six major facies 
types identified by factor analysis totally overlap in the 
description of the outwash sediments from Bossons and the 
North Esk (Chapter 6). The average sphericity of lithologies 
common to both series of deposits was found to be almost 
identical; each lithological group in each deposit possessed 
high proportions of percussion-marked Glasts, resulting 
directly from frequent particle collisions during fluvioglacial 
transport under rapid, turbulent flow in rough channel 
conditions. 
Downstream decreases in gradient, in stream velocity 
and competence, and progressive downstream abrasion and 
sorting processes had greatest effect on changes in particle 
size, sorting and composition at successive distances 
downstream from the (former) ice-snout. Downstream decreases 
in mean particle size, and corresponding improvements in mean 
particle sorting, were recorded for-each lithological group 
in each outwash deposit (Chapter 7). An associated change in 
the proportion of different lithologies present was also. 
measured in the North. Esk, -South Esk and Westwater deposits. 
The rates of downstream change in particle size. and sorting 
have proved to be valuable-indicators not only of the 
relative importance of abrasive and sorting. processes in the 
meltwater streams; , 
but_. also of 'contamination, by new sources 
of sediment; of differences in hydrodynamic conditions in the 
meltwater streams of each area; of, differences in particle 
resistance according to lithological group; and of the nature 
and origin of sediments emerging at the ice-snout and 
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subsequently incorporated in the initial proglacial outwash 
deposits. The interpretation of downstream rates of change 
of several particle characteristics in terms of hydrodynamic 
and sedimentological conditions in the meltwater basins has 
been applicable to all the outwash deposits since they all 
exhibit downstream decreases in particle size and standard 
deviation. 
8.3. FACTORS INFLUENCING SEDIMENT CHARACTERISTICS 
Dramatic changes in proglacial morphology and sedi- 
mentation are produced by a wide range of processes which 
only become active during the meltseason. Fluvial activity 
is the dominant process, but glacial processes, mass movements 
and in situ weathering, aeolian processes and, in some areas, 
marine activity, can also prove important in the proglacial 
environment. The predominance of fluvial processes is 
reflected in the extensive proglacial braided stream systems 
which are the major agents of sediment transport and 
redeposition beyond the ice-margin. The degree of development, 
the rate of change, and the effectiveness of sediment 
transport, of each meltwater system vary according to the 
hydrological regime and the types of sediment available, which 
are controlled by the glacier itself. The nature of the 
sediment and meltwater discharge at the ice-margin closely 
determine the types of sediment which are transported and 
subsequently deposited downstream. ' The balance between the 
quantity of sediment offered by the glacier and the rate at 
which the meltwaters can redistribute this material, in turn, 
determines whether the meltwater streams aggrade or degrade 
their beds, or maintain an equilibrium state during the 
meltseason. Prolonged aggradation in proximal areas can 
increase the overall gradient of the outwash surface, affect 
other morphological features, such as downvalley breaks in 
slope, and also influence subsequent rates of stream 
entrenchment and channel pattern. While a braided channel 
system prevails, experiencing frequent and large variations in 
water stage and extent of', lateral flow, so a wide range of 
associated sedimentary structures is maintained. 
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Coarse, imbricated clasts rapidly accumulate on the 
stream bed during peak flows, to form a massive, or crude 
plane-bed outwash sediment. A greater variety of finer- 
grained sedimentary structures occurs in confined channels 
where there is a wide range of discharge values and of 
local sedimentation conditions. Numerous examples of cross- 
bedded and trough cross-bedded gravels, sands and silts were 
observed in the paleo-deposits, and the equivalent ripples 
and dunes were observed in surface channels of the Bossons 
valley-train. 
The type of sedimentary deposit is closely controlled 
by hydrodynamic, gradient and sediment supply conditions. 
The gradient progressively declines downstream so that outwash 
morphology, the regime of stream flow and the types of 
sediment present are altered accordingly. Sedimentary 
structures formed in lower flow regimes are found in the 
lower gradient channels of downstream reaches. These down- 
stream tracts also comprise smaller, more rounded particles 
of more resistant and local lithological groups, than do 
reaches closer to the ice margin. The rates of downstream 
change in many sediment characteristics can be determined 
mathematically, and can be shown to be interrelated. 
Downstream rates of change are also related to changing 
morphological conditions, such as gradient, and to changing 
hydraulic variables, such as discharge and flow regime, 
rates of aggradation, and effectiveness of abrasion and 
sorting processes. Many of the effects on outwash sediments 
of the varying distances of travel in fluvioglacial meltwaters 
can be determined, some indirectly through the predictive 
value of the close statistical relationships between the 
particle characteristic at the ice-margin and its, modifications 
the farther it travels in the proglacial meltwater system. 
8.4. SUMMARY OF GENERAL CONCLUSIONS 
Some of the most significant conclusions from this 
study, excluding those presented in Chapter 7.9, may 
usefully be summarized in general.. terms.. Many of these 
conclusions may be interpreted as working hypotheses and 
remain to be related to, and tested in, other proglacial 
environments. 
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8.4.1. PHYSICAL BACKGROUND TO THE PROGLACIAL ENVIRONMENT 
(1) The bedrock geology of the source glacier 
determines the range of lithological types in the proglacial 
deposits; the proportions of different rock types in the 
outwash deposits mainly depend on the rate of bedrock 
removal and the distance of glacial and fluvioglacial 
transport. 
(2) The gradient of the glacier can influence the 
rate of downvalley transport of glacial debris to the ice- 
margin as additional load for the proglacial meltwater streams. 
(3) The history of glacier variations in the study 
area can provide valuable information about the relationships 
between glacier variations and changing morphological 
features in the proglacial region, about the sequence of 
glaciation and deglaciation, and about climatic change. 
(4) The severity of the proglacial climate depends on 
the dominance of glacial climatic effects on the regional 
climate; a glacier influences the climate of its marginal 
areas chiefly through the persistence of strong, cold, 
katabatic glacier winds. The glacier winds act to reduce 
maximum temperatures and to prevent very low minimum 
temperatures; a negative downvalley temperature gradient can 
even develop during very cold conditions. The influence of 
the glacier wind diminishes downvalley, following an 
exponential law, and is marked by three or four major micro- 
climatic zones, whose limits vary with changing weather 
conditions. Arctic or sub-Arctic conditions may allow 
permafrost to develop. 
(5ý Soil development proceeds as soon as the 
substratum is exposed from the ice or deposited as outwash. 
Progressive leaching leads to a marked increase, in acidity 
over time, reaching pH values of less than 4.5 in sediments 
exposed for 200 to 300 years. Acidity remains constant on 
active outwash. 
(6) A plant succession begins as soon as the 
substratum is sufficiently acid, humic and stable, reaching 
the regional plant climax after 100 to 120 years. Proglacial 
plant species can be good indicators of the humidity, acidity, 
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exposure and light conditions of the outwash surface. 
Proglacial vegetation zones are present until climax 
vegetation has extended to all parts. 
8.4.2. PROGLACIAL MORPHOLOGY 
(1) The proglacial foreland frequently comprises a 
proximal, a transitional and a distal zone, each zone 
possessing ,a successively lower gradient. The steep 
proximal zone is characterized by a complex morphological 
system of aggradational features produced by glacial and 
fluvioglacial processes and by mass movements. The 
transition zone marks an important downvalley break in slope 
which represents the change in balance between meltwater 
stream energy and the nature of the stream loads available 
for transport. The morphological influence of meltwaters 
in the transition zone begins to exceed that of any other 
agent. Meltwater activity becomes dominant on the low 
gradient distal slope where a braided channel pattern often 
develops to produce a rapidly shifting bar and channel complex. 
The gradient may be defined by an exponential or a double- 
logarithmic law, depending on the nature of the transitional 
slope discontinuity. 
(2) A glacier advance may be accompanied by proglacial 
aggradation, especially on the proximal slopes. The amount 
and distribution of successive additions of debris to the 
proglacial foreland may be established by field surveys or 
aerial photography; the rate of formation and the relative 
contemporaneity of an outwash surface can be determined in 
this way. Stream entrenchment and valley dissection may 
occur during a glacier retreat and during the associated post- 
depositional period of fluvial activity. The net result of 
depositional and erosional activity over the period of outwash 
formation may be established from regional estimates of the 
thickness of the outwash deposits, either from borehole or 
excavation data, or from-calculations-of a parabolic cross- 
profile of glacially-formed valleys containing outwash 
deposits. 
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(3) The amount of isostatic uplift of outwash terraces 
and the resultant change in terrace gradient may be estimated 
by extrapolation from the measured uplift of an associated 
raised shoreline. 
(4) Proglacial kettle-holes sensu stricto are most 
likely to result from the melting of buried ice, or 
possibly from the melting of blocks of ice carried in 
meltwater streams and partially buried in outwash sediments. 
8.1.3. PROGLACIAL HYDROLOGY 
(1) The length of the meltseason depends'mainly on 
regional climatic conditions, rather than local glacier 
characteristics, and therefore on latitude and altitude. 
(2) Up to 90 per cent of annual runoff occurs during 
the meltseason, and is due to ice and snow melt, and 
precipitation; the small amount of winter runoff results 
from basal ice melt, groundwater flow and, in some basins, 
delayed summer runoff. Diurnal variations in meltwater 
discharge are also characteristic, with peak flows occurring 
between 1700 and 1800 hours, after summer storms or after 
the emptying of reservoirs of water within the ice. 
(3) The meltwater runoff is proportional to the area 
of each glacier located within a_single region, but maximum 
differences between meltwater runoff amounts occur during 
the height of the meltseason. 
(4) Groundwater flow in proglacial deposits ranges 
from 0.04 to 4.34 per cent of the total meltwater discharge, 
depending on permeability and gradient of the deposit. A 
variety of groundwater zones may be present, and may be 
recognized from spatial and diurnal variations in the depth 
of the water-table. 
(5ý Proglacial streams are characteristically turbulent, 
high-flow-regime streams, particularly in proximal zones, 
and transport large sediment loads. The meltwater streams 
carry relatively high proportions of mineral ions in solution 
throughout the year, corresponding to a surface lowering of 
about 3mm/1000 years in Arctic regions, and about 9mm/1000 years 
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in Alpine regions. High proportions of sediments are also 
removed in suspension in proglacial meltwater streams, 
although measurements may be severely hampered by diurnal, 
seasonal, downstream and 'at-a-stations variations in 
suspended sediment concentrations. Bedload sediments may 
form the most important sediment load of meltwater streams, 
amounting to several million kg per year in major outwash 
streams. 
8.4.4. PROGLACIAL CHANNEL PATTERN AND 
CHANNEL MORPHOLOGY 
(1) Large and frequent variations in meltwater 
discharge, a high sediment load and coarse, non-cohesive 
bank materials act to encourage the development of a braided 
channel system. Evidence of rapid lateral and vertical 
changes in channel and bar facies is present in many 
outwash deposits which accumulated within the shifting 
channel system. 
(2) Braided proglacial channels are characterized 
by high width-depth ratios with values generally ranging 
between about 10 and 250. 
(3) Many useful indices of channel and bar patterns 
in proglacial environments may be determined from empirical 
relationships. Changes in channel sinuosity, topological 
measurements, bar size, shape and orientation, for example, 
can give clues about the changing balance between sediment 
load and meltwater capacity over time and over the stream 
length. 
8.4.5. DEPOSITION IN BRAIDED PROGLACIAL STREAMS 
(1) Deposition of sediments in braided proglacial 
streams occurs (a) during the rising stage, when the coarse 
traction load is rapidly buried by similar sediments brought 
from upstream and fines become entrapped between coarse 
particles; (b) during the declining stage, when sediments 
fall out of suspension and accumulate on the channel floor 
or bar-top; or (c) during steady conditions, when particle 
movement on the channel floor results in downstream migration 
of bedforms such as ripples rather than in additions of 
new debris to the stream load. 
(2) Cross-bedded structures of ripples and dunes, 
plane-bedded sands and coarse, imbricated and crudely 
plane-bedded gravels are the most common depositional 
structures of outwash streams. The sedimentary structures 
provide evidence of many associated flow parameters, 
including flow regime, stream velocity, flow depth, 
current direction and sediment loads. 
(3) Similar bedload and saltation load sediment 
facies types may be recognized in different outwash. deposits. 
The homogeneity of particle sizes within each facies type 
depends on whether the sediments were deposited during the 
rising or falling stage, on the availability of sediment, on 
bed roughness and on post-depositional processes. The 
variability of facies types in a deposit reflects the 
rapidity of changes in stream competence downstream, in 
stream location across the outwash surface, and in the 
degree of preservation of paleo-sediments. 
8.4.6. EFFECTS OF LITHOLOGY ON 
OF THE OUTWASH'PARTICLES 
Cs 
Lithology influences the size, sphericity and 
roundness of particles in outwash deposits, and the rates of 
downstream change in these characteristics. Different 
lithological groups respond in different ways to chemical 
and mechanical weathering processes, to solution, hydrolysis, 
abrasion and attrition. The relative resistance of each 
lithological group to these, and other, processes can be 
determined by observations ofythe effects of each process 
on the size, shape and surface texture of each particle. 
8. I. 7. POST-DEPOSITIONAL ALTERATIONS 
The importance of post-depositional changes on the 
outwash deposit and on its constituent particles increases 
with the increasing age of the deposit. The progression of 
chemical weathering effects can be measured through time; 
the degree of development of cryoturbate structures can also 
be determined in many outwash deposits which are forming, or 
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were formed, in periglacial conditions. 
8. Z. 8. SAMPLING OF SEDIMENTS 
. (1) A three-dimensional pattern of sedimentary changes 
should be obtained wherever possible by surface and sub- 
surface sampling over a large proportion of the outwash 
deposit. Local variability in sediment characteristics can 
best be understood in relation to the large-scale, downstream 
variability. 
(2) The sampling of the largest clasts from outwash 
sediments is most valuable for comparing different sites 
and different deposits. No size limits should be imposed 
on sampling of sediments for size analtjsis, and at least 10 
clasts of each lithological group should be selected. 
8.5. THE CONTRIBUTION OF THE PRESENT STUDY 
TO RESEARCH IN PROGLACIAL AREAS 
This thesis presents a quantitative approach to the 
morphology, hydrology and sedimentology of proglacial 
deposits. The objective analysis of the proglacial 
sediments provides valuable diagnostic criteria for 
identifying and interpreting the nature of other, similar 
deposits. Inferences about the origin. of paleo-outwash 
deposits can be based directly on their modern counterparts, 
and unlike many other studies, may be, 'accomplished in 
quantitative terms. Examples given in earlier chapters 
indicate that a large amount of precise information may be 
obtained from paleo-outwash deposits about the former 
gradients, former channel morphology and channel pattern, 
paleo-discharge and types of sediment movement and deposition, 
the source regions of sediment particles, -the 
distance of 
transport both within and beyond the former ice-snout, and 
possibly about the former extent of the source glacier. 
The predictive value of the close relationships which 
have emerged between particle characteristics, sediment 
morphology and distance of transport have been largely ignored 
by other workers. The relationships between the distance of 
meltwater transport on the one hand, and mean particle size, 
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sorting, roundness and relative frequency for each 
lithological group on the other hand, are generally so 
significant that the latter variables may be predicted 
for areas both within and beyond the areal limits of the 
sampling sites. Prediction of sediment characteristics 
for each lithological group may then be combined to 
describe the whole sediment mix. Such forms of prediction 
may prove valuable in the study of proglacial outwash 
deposits where relatively few sites are exposed, where ice- 
marginal proglacial sediment types have not been studied, 
and where attempts are to be made to estimate other paleo- 
morphological, sedimentological and hydrological variables. 
Many other workers have attempted to estimate the 
relative age of fluvioglacial deposits (Chapter 6), and 
some simple additional measures of the degree of post- 
depositional weathering have been introduced in this study. 
The average degree of acidity of the deposit and the 
presence of solution pitting, fracturing and disintegration 
features on coarse clasts are easily observed and provide 
useful indices of the degree of subsurface weathering which 
has occurred since deposition. Identification of the 
environment of deposition has also attracted many workers 
(Chapter 6) and several new quantitative and objective 
methods have been employed in this study. The sediment size 
distributions, sedimentary structures and particle forms 
have already been mentioned as evidence of deposition in a 
proglacial meltwater environment, -while striations and 
percussion marks on the surfaces of coarse clasts provide 
additional evidence respectively of glacial transport and 
of subsequent movement in a turbulent meltwater stream. 
This is the first study which has attempted to 
analyse paleo-outwash deposits over such, a wide perspective 
and within an objective, quantitative framework. 
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8.6. FUTURE LINES OF RESEARCH 
Several major fields of research that are likely to 
prove valuable in the future have emerged from topics 
discussed in earlier chapters. 
Long-term measurements of hydraulic and sediment 
parameters in proglacial streams would be valuable in order 
to determine the relationships between (a) the rates of 
discharge of meltwater and of sediment from the source 
glacier, and (b) the rates and amounts of overall sediment 
deposition. Eventually, estimates of the rates of 
bedrock erosion and types of sediment removal from an 
ancient glacier basin might prove feasible. 
Further research is also needed into the differential 
effects of abrasion, sorting and other fluvial processes 
on downstream changes in particle characteristics. The 
predictive value of size-distance curves would be enhanced 
if the factors affecting rates of abrasion and sorting 
could also be established in quantitative terms. This aim 
might be best achieved by comparing changes in fluvial 
particles with changes measured in comparable hard-ware 
experiments. 
Subsurface investigations could assist in the 
understanding and interpretation of the formation of 
proglacial outwash deposits. The three-dimensional changes 
in particle size emerging from sub-surface investigations, 
outwash facies and sedimentary structures, could indicate 
the changing patterns of bars and channels, of meltwater 
flow and sediment transport, and of temporary periods of 
exposure or flooding during an episode of outwash aggradation 
in front of a glacier. 
Much research remains to be completed, but it is 
hoped that,., the ideas presented in this thesis will make a 
useful contribution to research in proglacial regions. 
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APPENDICES 
The appendices contain discussions and tables 
of data which are most relevant and are referred to 
most frequently in the thesis. Limited space has 
meant that many supporting data have had to be omitted. 
These include meteorological records1 and survey data 
for the Bossons proglacial valley, data and calculations 
of longitudinal profiles, cross-profiles and rates of 
sediment deposition and erosion,. and details of the 
kettle-hole tank experiments2. Numerous analyses of 
the characteristics of non-outwash sediments, including 
moraines, kames and recent deposits in Strathmore, 
have also been omitted, together with detailed 
descriptions of each site and associated sampling points. 
These additional data are available from the author 
on request. 
1 See Maizels, in preparation, a. 
2 See Maizels, in preparation, b. 
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Appendix 1 
CHANNEL, BAR AND STREAM CHARACTERISTICS 
ON THE BOSSONS VALLEY-TRAIN 
1968 to 1974 
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Appendix 1 
CHANNEL, BAR AND STREAr4 CHARACTERISTICS ON THE 
BOSSONS VALLEY-TRAIN 
Table A1.1 
Channel width and depth; stream velocity and discharge 
(values rounded off to 2 and 3 
significant decimal figures) 
Width Mean depth Width-depth mean discharge 




2.05 0.07 29.29 0.396 0.057 
1.90 0.06 31.67 0.410 0.047 
1.90 0.06 31.67 0.496 0.057 
2.00 0.07 30.77 0.492 0.064 
2.00 0.07 30.77 0.595 0.077 
2.00 0.06 36.36 0.517 0.057 
1.80 0.05 36.00 0.410 0.037 
1.80 0.05 36.00 0.410 0.037 
1.90 0.05 38.00 0.541 0.051 
2.10 0.06 35.00 0.661 0.083 
2.20 0.07 33.85 0.700 0.100 
2.20 0.08 29.33 0.700 o. 116 
2.25 0.09 25.00 0.793 0.161 
2.05 0.07 29.29 0.821 0.118 
2.20 0.09 25.88 0.793 0.148 
2.10 0.08 26.25 0.793 0.133 
2.05 0.06 34.17 0.661 0.081 
2.05 0.06 34.17 0.744 0.092 
2.10 0.07 30.00 0.744 0.109 
2.10 0.07 30.00 0.850 0.125 
2.15 0.09 23.89 0.768 0.149 
2.03 0.06 33.83 0.721 0.088 
2.10 0.08 26.25 0.793 0.133 
2.20 0.09 25.88 0.826 0.155 
2.30 0.09 27.06 0.875 0.172 
2.40 0.10 25.26 0.869 0.198 
2.10 0.09 23.33 0.793 0.150 
2.20 0.10 22.00 0.862 0.190 
2.30 0.11 21.90 0.915 0.221 
Reach B 
0.18 0.04 5.00 0.049 0.0003 
0.18 o. o4 4.50 0.047 0.0003 
0.28 0.05 6.22 0.100 0.001 
0.35 0.05 7.00 0.142 0.002 
0.40 0.07 6.15 0.189 0.005 
0.42 0.07 6.46 0.243 0.007 
0.32 0.05 7.11 0.085 0.001 
0.34 0.06 6.18 0.136 0.003 
0.50 0.07 7.14 0.340 0.012 
0.59 0.08 7.87 0.378 0.017 
0.60 0.08 7.50 0.378 0.018 
continued... 
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Table A1.1 continued 
Width Mean depth Width-depth mean discharge 
(m) (m) ratio velocity (m3/s) 
0.55 0.08 6.88 0.425 0.019 
0.60 0.07 8.22 0.486 0.021 
0.62 0.07 8.86 0.486 0.021 
0.62 0.07 8.86 0.425 0.018 
0.60 0.07 8.57 0.358 0.015 
0.62 0.08 7.75 0.567 0.028 
0.70 0.08 8.75 0.618 0.035 
0.85 0.08 10.63 0.607 0.041 
0.90 0.08 11.25 0.586 0.042 
0.45 0.06 8.18 0.358 0.009 
o. 65 0.08 8.13 0.586 0.031 
0.85 0.08 10.63 0.607 0.041 
1.00 0.08 12.50 0.607 0.049 
1.85 0.09 21.76 0.680 0.107 
0.90 0.08 11.25 0.654 0.047 
1.10 0.09 12,94 0.739 0.069 
1.15 0.11 10.95 0.739 0.089 
Reach C 
0.44 0.04 11.00 0.510 0.009 
0.43 0.04 10.75 0.425 0.007 
0.45 0.06 7.50 0.425 0.011 
0.49 0.06 7.90 0.638 0.019 
0.50 0.05 10.00 0.638 0.016 
0.50 0.05 10.00 0.638 0.016 
0.40 0.04 10.00 0.425 0.007 
0.42 0.05 9.33 0.425 0.008 
0.49 0.05 9.80 0.638 0.016 
o. 6o 0.07 9.23 0.850 0.033 
0.68 0.08 9.07 0.850 0.051 
1.00 0.13 7.69 1.020 0.133 
1.10 0.13 8.80 0.850 0.117 
1.80 0.13 13.85 1.020 0.239 
1.15 0.14 8.21 1.275 0.205 
1.15 0.14 8.21 1.159 0.187 
o. 63 0.08 8.40 1.020 0.048 
0.71 0.09 8.35 1.109 0.067 
0.90 0.11 8.57 1.275 0.120 
0.95 0.13 7.60 1.342 0.159 
1.30 0.15 8.67 1.275 0.249 
0.70 0.08 8.75 1.063 0.060 
1.00 0.10 10.00 1.214 0.121 
1.05 0.13 8.07 1.275 0.174 
1.20 0.14 8.57 1.500 0.252 
1.25 0.15 8.33 1.417 0.266 
1.15 0.13 8.85 1.159 0.173 
1.30 0.16 8.39 1.214 0.245 
1.45 0.17 8.53 1.275 0.314 
continued... 
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: 3.81 0.21 18.14 0.746 0.507 
3.86 0.22 17.88 0.672 0.476 
3.91 0.21 18.63 0.597 0.417 
4.06 0.22 18.47 0.597 0.453 
4.12 0.23 18.29 0.597 0.469 
4.42 0.24 18.42 0.672 0.606 
4.72 0.21 22.50 0.597 0.503 
4.95 0.21 23.59 0.634 0.561 
5.00 0.20 25.66 0.612 0.508 
Reach B 
2.34 0.18 12.84 0.579 0.209 
2.30 0.18 13.07 0.579 0.199 
2.40 0.16 15.00 0.579 0.189 
2.50 0.19 13.16 0.541 0.219 
2.60 0.21 12.38 0.579 0.269 
2.60 0.18 14'. 44 0.579 0.230 
2.65 0.18 14.72 0.483 0.196 
2.75 0.23 11.96 0.579 0.311 
2.78 0.21 13.24 0.541 0.269 
Reach C 
1.80 0.21 8.59 o. 656, 0.211 
1.83 0.16 11.15 0.547 0.140 
1.95 0.17 11.34 0.547 0.156 
2.11 0.18 11.72 '0.525 0.169 
2.30 0.17 13.94 0.547 0.177 
2.40 0.11 22.86 0.722 0.155 
2.00 0.23 ; 8.70 0.700 0.274 
1.50 0.13 12.00 0.438 0.070 
3.05 0.18 16.93 0.624 0.292 
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FIGURE All 
HYDRAULIC CHARACTERISTICS OF MELTWATER CHANNELS, 
BOSSONS VALLEY-TRAIN, 1971 
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Table Al .2 
Constants of width, depth and velocity relationships 
with meltwater discharge on the Bossons valley-train, 1 71 
I 
Meltwater Constant2 
stream(1) width mean mean 
reach depth velocity axcxk 
ab cf km b+ f+ m (x104) 
Reach A 
April 165.0 0.11 2.8 0.41 20.0 0.48 1.00 0.92 July 165.0 0.23 3.8 0.42 16.0 0.33 0.98 1.00 
Reach B 
April 51.5 0.28 6.8 0.17 29.0 0.53 0.98 1.02 
July 122.0 0.22 2.8 0.62 28.0 0.16 1.00 0.96 
Reach C 
April 42.0 0.32 4.9 0.35 50.0 0.33 1.00 1.03 
July 91.0 0.26 4.6 0.51 24.5 0.22 0.99 1.03 
mean values 
fbfm 0.24 0.41 0. 34 0.99 o 
(1)See 
Figure 2.5, page 62. , for location of stream reaches 
(2) 
Hydraulic relationships between width, depth and 
velocity and meltwater discharge, as plotted in Figure 
A1.1, are expressed by the following power functions: 
w= aQb (A1.1) 
ä= cQf (A1.2) 
v= kQm (A1.3) 
where Q. w, d and v represent meltwater discharge, 
stream width, mean depth and mean velocity, respectively; 
at c, k are intercept constants, and b, f, m are slope 
constants, such that 
b+f+m=1.0 (A1.4) 
and a. c. k= 10n (A1.5) 
where the value of n depends on the units of measurement, 
here =4 (units of measurement = cm) (for details and 
comparative values see Leopold and Maddock, 1953; for 
methods of plotting and slope measurement see Leopold and 
Maddock, 1953; and any standard mathematics text, eg. 
Dobinson, 1968, pp. 251-253). 
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Table A1.3 
Mean channel width and number of channel segments 
per valley cross-section, Bossons valley-train, 
1968 to 1974 
(cross-sections were taken at Sm intervals from the 
distal end of the valley-train) 
w= mean channel width (m) 
n= number of channel segments 
Distance Da te of survey from dis- August August April July April April tal end 19 68 196 9 1971 1971 197 3 1974 
of Valle 
train (m3 w n w n w n w n v n w n 
0 1.20 1 0.12 1 1.80 1 1.80 1 0.75 2 4.50 1 
5 1.20 2 0.09 2 0.90 3 1.35 2 1.20 3 3.15 2 
10 3.00 2 1.28 4 1.14 5 1.00 3 1.32 5 1.32 5 
15 3.15 2 1.56 5 1.44 5 1.60 3 1.68 5 1.43 8 
20 3.60 "2 1.60 6 1.05 6 1.65 4 1.03 7 1.08 10 
25 2.88 5 1.80 7 1.29 7 1.80 5 1.12 11 1.00 9 
30 1.85 6 1.68 10 0.87 9 1.40 6 1.15 11 1.41 7 
35 1.60 6 1.74 10 1.53 9 1.70 6 0.90 14 1.23 10 
40 2.03 8 2.13 9 1.35 8 1.31 11 1.37 14 1.05 12 
45 1.87 9 1.73 9 1.80 8 0.90 12 1.16 15 1.16 10 
50 1.75 13 2.16 10 1.35 8 1.26 10 1.16 17 1.25 11 
55 2.13 11 2.63 8 1.28 8 0.93 9 1.28 15 1.15 12 
60 1.73 9 2.55 8 1.31 11 1.20 9 1.12 15 1.03 12 
65 2.03 8 2.10 8 1.13 9 1.35 10 1.16 16 1.01 14 
70 2.31 7 2.10 8 1.20 7 1.04 11 0.92 15 0.96 15 
75 2.40 5 1.87 9 1.54 7 1.28 8 1.07 14 0.81 20 
80 2.40 4 1.88 8 1.42 11 0.93 11 1.05 12 1.18 12 
85 1.70 6 2.82 5 1.07 9 1.33 9 0.92 15 1.11 13 
90 1.65 8 2.00 6 1.08 10 1.25 11 0.89 21 1.14 14 
95 1.73 8 2.48 8 1.15 12 1.33 9 0.87 18 1.05 14 
100 1.67 9 2.31 7 1.00 12 1.30 12 1.15 13 1.18 13 
105 1.80 9 2.18 8 0.90 12 1.60 9 1.08 10 0.96 15 
110 1.58 8 1.88 8 0.80 12 1.80 9 1.29 13 1.20 14 
115 1.60 9 1.80 8 0.83 13 1.30 6 0.98 12 0.99 14 
120 2.02 11 2.33 8 0.75 13 1.32 5 1.07 14 1.57 9 
125 1.73 9 2.83 7 1.47 9 1.27 9 1.26 16 1.28 11 
130 3.00 4 1.88 8 1.63 7 1.00 9 0.92 15 0.88 12 
135 2.33 4 1.63 7 1.29 7 1.46 7 1.02 13 1.16 14 
140 2.18 4 2.55 4 1.00 6 1.20 9 1.25 11 1.15 11 
145 2.25 4 4.35 4 1.32 5 1.20 5 0.85 12 1.35 12 
150 2.15 5 2.66 7 1.35 8 1.29 7 1.20 9 1.44 11 
155 1.92 5 2.07 9 1.07 9 1.20 8 1.06 13 1.30 12 
160 2.16 5 1.64 11 1.01 11 1.47 9 1.20 11 0.99 13 
165 1.68 5 1.69 8 0.88 13 1.07 9 1.23 12 1.06 13 
170 1.44 5 1.05 10 0.98 11 0.84 10 1.48 15 1.31 11 
175 1.67 7 1.87 9 1.43 8 1.46 7 1.29 14 0.99 14 
180 1.80 7 1.02 13 1.25 11 1.31 11 1.59 14 1.34 13 
185 2.88 5 1.60 9 1.53 11 1.04 11 1.20 11 1.58 12 
190 2.10 6 1.71 7 1.27 9 0.80 15 1.74 10 1.09 11 
195 2.93 4 2.88 5 2.00 9 0.85 17 2.31 10 1.06 15 
200 3.15 4 2.04 5 1.56 10 0.79 14 1.20 14 1.10 15 
205, 2.33 8 1.50 10 1.07 11 0.86 14 1.32 10 1.63 9 
c ontinu ed... 
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Table A1.3 continued. 
Distance Date of surve from dis- 
tal end August August April July April April 
of valle 1968 1969 1971 1971 1973 1974 
train (m) wn vn wn wn wn vn 
210 1.88 8 1.44 10 1.20 10 1.16 14 1.13 8 1.99 8 
215 2.03 8 2.07 9 1.20 12 0.88 13 1.20 2.0 6 
220 2.22 10 2.13 9 1.47 9 1.07 9 
225 2.20 9 2.25 8 1.00 12 1.32 5 
230 2.31 7 2.14 7 1.15 11 1.20 
235 2.04 5 2.14 7 1.08 5 
240 2.50 6 1.80 6 1-05 2 
245 2.20 6 3.00 4 
250 4.60 3 3.00 3 
255 3.30 2 3.00 2 
260 1.80 3 2.50 3 
265 1.60 3 2.20 3 
270 3.00 1 3.90 2 
275 1.65 2 3.30 1 
280 1.40 3 2.20 3 
285 2.30 3 2.00 3 
290 1.20 1 1.20 2 
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Table A1.5 
n of mid-char on the Bossons vall 
1968 to 1 
Orientation expressed in degrees east of north, 
to the nearest 30t 
Date of survey 
Au st 1 68 Aü st 19 6 9 
no. deg- mins no. deg- mins. no. deg- minn o. deg-m no. deg-mina, 
rees rees rees rees rees 
1 318 30 40 284 30 1 029 00 40 322 00 79 282 30 
2 324 00 41 305 00 2 017 30 41 294 00 80 333 00 
3 356 30 42 335 30 3 347 00 42 004 00 81 328 00 
4 042 30 43 278 00 4 005 30 43 018 30 82 345 00 
5 346 00 44 000 30 5 018 30 44 342 00 83 313 30 
6 312 30 45 285 30 6 005 00 45 317 00 84 327 00 
7 331 00 46 308 00 7 009 00 46 343 00 85 349 00 
8 007 00 47 303 00 8 010 00 47 347 00 86 316 30 
9 349 30 48 341 30 9 335 00 48 351 00 87 332 00 
10 350 00 49 352 30 10 354 00 49 324 30 88 347 30 
11 350 30 50 317 00 11 350 30 50 343 00 89 351 00 
12 001 30 51 305 00 12 346 30 51 324 30 90 352 30 
13 005 30 52 009 00 13 333 30 52 347 00 91 333 00 
14 011 30 53 335 30 14 334 00 53 019 00 92 333 00 
15 027 30 54 008 30 15 345 30 54 334 00 93 336 00 
16 007 30 55 332 00 16 329 30 55 315 30 94 294 00 
17 003 00 56 335 30 17 338 30 56 332 30 95 283 00 
18 353 30 57 349 30 18 339 30 57 086 30 96 305 00 
19 349 00 58 339 30 19 356 00 57 281 00 97 323 00 
20 347 30 59 357 30 20 339 00 59 287 00 98 338 00 
21 321 00 60 307 30 , 
21 088 00 60 348 30 99 002 30 
22 349 00 61 322 00 22 347 30 1 293 30 100 341 30 
23 316 30 62 322 30 23 353 30 - 62 322 30 101 003 30 
24 320 00 63 316 00 24 347 00 3 288 30 102 008 30 
25 352 30 64 329 00 25 350 30 4 301 00 103 353 30 
26 006 00 65 300 00 26 014 30 5 327 30 04 332 30 
27 359 00 66 009 30 27 359, 30 6 346 00 105 333 30 
28 337 00 56 005 00 28 336 30 7 1 330 00 106 334 00 29 345 30 68 300 00 29, 316 30 8 355 00 107 313 00 
30 337 00 69 317 00 30 324, 00 9 329 30 108 318 30 
31 337 00 70 310 30- 31, 324 30 0 344 30 109 351 00 
32s 315 00 71 358 00 32 340 00 1 346 00 10 010 30 
33, 350 00 72 331 00 33 333 00 2 003 30 11 339 00 
34 016 00 73 003 00 -34 005. 00 3 346 00 12 011 30 
35 029 00 74 018 00 35 037 30 4 295 00 13 311 00 
36 344 30 75 343 30 36 353 00 5 357 30 14 317 30 
37 277 00 76 325 00 37 335 00 6 355 00 15 314 00 
38 282 30 77 340 30 38 332 00 7 021 30 116 316 00 
39 345 00 78 002 30 39 025 30 8 332 00 
continued... 
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Table A1.5 continued. 
Date of survey 
April 1971 
no, deg- rains. no* deg- rains, noe deg- mans, no. deg- mins. 
rees rees rees gees 
1 323 00 38 341 30 75 316 00 112 315 00 
2 346 30 39 356 00 76 328 00 113 335 30 
3 332 00 40 358 00 77 292 00 114 344 30 
4 336 00 41 352 00 78 315 30 115 327 30 
5 323 30 42 349 30 79 001 30 116 327 00 
6 322 00 43 336 00 80 336 00 117 045 00 
7 313 00 44 338 00 81 014 30 118 045 30 
8 292 00 45 303 00 82 010 00 119 066 30 
9 343 00 46 305 00 83 001 30 120 002 00 
10 359 00 47 305 00 84 333 00 121 317 00 
11 017 30 48 274 30 85 322 30 122 305 00 
12 oo6 30 49 022 00 86 270 30 123 302 30 
13 328 30 50 016 00 87 086 00 124 310 30 
14 322 00 51 047 00 88 073 30 125 277 00 
15 340 30 52 057 30 89 288 00 126 084 00 
16 309 30 53 328 30 90 304 00 127 333 30 
17 316 00 54 034 00 91 345 00 128 333 00 
18 315 00 55 350 00 92 007 30 129 332 30 
19 025 00 56 324 30 93 305 00 130 343 30 
20 oo6 30 57 010 00 94 331 30 131 329 30 
21 002 30 58 293 00 95 -354 00 132 294 30 
22 359 00 59 328 00 96 355 00 133 352 30 
23 332 00 60 333 30 97 057 00 134 003 00 
24 349 30 61 330 00 98 031 00 135 346 00 
25 343 00 62 344 30 99 016 00 136 352 30 
26 004 30 63 333 00 100 014 30 137 343 00 
27 324 00 64 009 30 101 315 00 138 317 30 
28 333 30 65 341 00 102 312 00 139 349 00 
29 358 00 66 012 00 103 312 00 140 313 00 
30 348 00 67 346 30 104 289 00 141 333 00 
31 355 00 68 336 00 105 298 00 142 329 00 
32 337 30 69 271 30 106 `014 30 143 325, 
- 30 33 331 00 70 299 00 ' 107 313 30 144 300 30 
34 332 00 71 332 30' 108 .- '017 00 , 145 310 00 35 341 00 72 344 00 ' 109 318 00 146 308 30 
36 330 00 73 296 30 110 ' 318 00 147 351 30 
37 327 30 74 '331 00 111 357 30 148 348 00 
continued... 
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Table A1.5 continued. 
Date of survey 
July 1971 
no. deg- mans. no. deg- mins. no. deg- mina. no* deg- mina. 
rees rees rees rees 
1 023 00 39 343 30 77 006 30 115 346 00 
2 339 '30 '40 357 00 78 005 00 116 353 00 
3 '339 00 41 342 30 79 307 00 117 299 30 
4 330 00 42 317 00 80 301 00 118 309 00 
5 342 30 43 347 30 81 299 00 119 314 00 
6 343 00 44 351 30 82 290 00 120 314 00 
7 343 30 45 351 30 83 271 00 121 326 00 
8 354 30 46 351 30 84 298 30 122 338 00 
9 353 30 47 004 00 85 330- 30 123 334 00 
10 318 00 48 344 30 86 348 30 124 355 30 
11 007 00 49 001 00 87 028 30 125 331 00 
12 343 30 50 359 30 88 010 30 126 307 30 
13 354 00 51 341 00 89 344 30 127 322 00 
14 345 30 52 313 00 90 011 00 128 318 00 
15 331 30 53 318 00 91 338 00 129 324 00 
16 344 00 54 350 30 92 317 00 130 323 30 
17 345 30 55 004 00 93 329 00 131 318 00 
18 011 30 56 025 30 94 331 30 132 308 00 
19 349 00 57 006 30 95 297 00 133 323 00 
20 326 00 58 350 30 96 346 00 134 353 00 
21 315 00 59 331 00 97 352 00 135 321 00 
22 348 00 60 350 00 98 014 00 136 316 30 
23 012 30 61 314 00 99 004 00 137 301 00 
24 333 00 62 340 30 100 350 30 138 005 00 
25 344 30 63 351 00 101 347 30 139 325 00 
26 356 00 64 328 00 102 300 00 140 315 30 
27 357 30 65 012 30 103 354 00 141 306 00 
28 315 30 66 013 00 104 340 00 142 331 00 
29 352 00 67 014 30 105 330 30 143 275 30 
30 309 00 68 352 30 106 002 00 144 310 30 
31 031 30 69 358 30 107 354 00 145 333 00 
32 011 00 70 297 30 108 331 00 146 359 00 
33 021 30 71 299 00 109 287 00 147 331 30 
34 304 00 72 295 30 110 279 00 148 322 00 
35 314 30 73 290 30 111 301 30 149 297 30 
36 306 00 74 296 00 112 314 30 150 302 00 
37 338 30 75 318 30 113 311 00 151 352 00 
38 347 30 76 346 00 114 308 30 152 338 30 
continued... 
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Table A1.5 continued. 
Date of survey 
April 1973 
no. deg- mina. no. deg- mina no. deg- rains, no, deg- mans 
rees rees rees rees 
1 329 00 3 323 00 85 336 00 126 34o 30 
2 339 00 44 302 00 86 335 30 127 348 30 
3 332 00 45 353 30 87 329 00 128 325 00 
4 306 30 46 357 30 88 338 00 129 305 00 
5 331 00 47 347 30 89 317 00 130 001 30 
6 316 30 48 351 00 90 005 00 131 029 00 
7 325 00 49 313 00 91 330 30 132 349 30 
8 310 30 50 310 30 92 332 30 133 312 30 
9 323 00 51 330 00 93 332 00 134 321 00 
1o 295 00 52 322 o0 94 336 30 135 321 00 
11 338 30 53 . 321 30 95 302 00 136 298 00 12 306 00 54 313 00 96 015 00 137 282 30 
13 311 00 55 314 00 97 338 00 138 328 00 
14 314 00 56 320 00 98 345 30 139 330 30 
15 293 30 57 306 30 99 357 00 140 328 00 
16 276 30 58 318 00 100 349 30 141 322 o0 
17 282 o0 59 323 30 01. 336 30 142 329 00 
18 337 00 60 331 00 102 339 00 '143 025 30 
19 326 00 61 333 oo 103 338 00 144 339 00 
20 287 30 62 327 00 04 339 30 145 327 30 
21 272 00 63 o16 30 105 009 30 146 000 30 
22 340 00 64 033 30 106 325 30 147 347 00 
23 350 00 65 310 30 107 323 00 148' 351 00 
24 329 30 66 300 30 108 343 00 149 314 00 
25 312 30 67 296 30 109 002 30 150 349 00 
26 313 00 68 
. _314 
30 110 304 00 151 007 30 
27 302 00 69 295 00 1,11 315 00 152 321 00 
28 308 00 70 321 00 112 340 30 153 319 30 
29 348 00 71 320 30 113 329 00 154 310 00 
30 313 00 72 320 00 114 332 00 155 359 30 
31 328 30 73 325 00 115 319 00 156 306 00 
32 309 00 74 . 
333, o0 116 332 30 157 291 30 
33 292 30 75 311 00 117: 271 00 158 315 00 
34 297 o0 76 352 00 118,: 085 30 159 335 00 
35 311 00 77 002 30 119 337 00 160 353 00 
36 316 30 78 340, 30 120. 350 00 161 001 30 
37 310 00 79 340 00 121'* 341 00 162 302 30 
38 314 30 80 338 00 122 335 00 163 305 30 
39 319 00 81 328 00 121 300 
,,, 00 164, 316 00 40 324 30 82 322 00 124 308 00 165 314 00 
41 323 00 83 303 30 125 329 00 166 314 00 42 277 00 84 319 00 
continued... 
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Table A1.5 continued. 
flatA of silrvev 
A ril 1 974 
no. deg- mins. no. deg- mans. no. deg- m no, deg- m no. deg- mixr 
rees rees rees rees rees 
1 327 30 40 318 00 79 313 00 118 338 30 57 313 00 
2 344 00 41 288 30 80 357 30 119 339 00 1 58 320 30 
3 327 30 42 319 00 81 353 00 120 317 30 1 59 344 30 
4 342 30 43 309 30 82 350 30 121. 322 00 1 60 005 00 
5 342 30 44 314 00 83 340 30 122 322 00 1 61 011 30 
6 026 00 45 335 00 84 329 00 123 270 30 1 62 011 00 
7 015 30 46 340 00 85 302 00 124 297 00 1 63 016 00 
8 340 30 47 307 30 86 296 00 125 309 30 64 339 00 
9 325 30 48 309 30 87 309 30 126 344 00 65 325 30, 
10 332 30 49 316 30 88 286 00 127 002 30 166 341 00 
11 315 30 50 068 00 89 308 00 128 344 00 167 302 00 
12 325 00 51 301 30 90 310 00 129 350 30 168 330 00 
13 340 00 52 314 30 91 311 00 130 008 30 169 322 00 
14 333 00 53 295 30 92 320 00 131 064 00 170 346 00 
15 303 30 54 310 00 93 319 30 132 348 00 171 347 00 
16 317 00 55 337 00 94 036 30 133 347 00 172 341 00 
17 354 00 56 327 30 95 031 00 134 351 00 173 336 00 
18 029 30 57 285 00 96 015 00 135 345 30 174 350 30 
19 011 00 58 316 00 97 319 30 136 338 00 175 339 30 
20 338 30 59 336 00 98 320 30 137 333 00 176 328 00 
21 332 30 60 325 30 99 342 00 138 347 30 177 327 30 
22 331 00 61 330 30 100 316 30 139 314 30 178 328 30 
23 351 00 62 320 00 101 309 30 140 315 30 179 283 00 
24 287 30 63 322 00 102 320 30 141 312 00 180 285 30 
25 314 30 64 002 30 103 341 00 142 289 00 181 317 30 
26 286 30 65 345 00 104 339 00 143 000 00 182 326 30 
27 300 00 66 284 00 105 335 00 144 326 00 183 334 00 
28 304 00 67 001 30 106 338 00 145 270 00 184 318 00 
29 291 30 68 307 00 107 329 00 146 280 00 185 301 00 
30 318 30 69 338 30 108 357 30 147 330 00 186 318 00 
31 321 30 70 348 30 109 300 30 148 343 30 187 318 00 
32 003 30 71 291 00 110 332 00 149 353 30 188 302 30 
33 322 30 72 300 00 111 004 00 150 337 30 189 345 30 
34 290 30 73 308 00 112 313 00 151 342 00 190. 309 00 
35 298 00 74 304 30 113 306 00 152 320 30 91 332 00 
36 310 00 75 343 00 114 331 30 153 337 30 92 307 00 
37 001 00 76 308 00 115 009. 00 154 330 00 93 338 00 
38 332 00 77 006 30 116 357 00 155 348 30 94 321 00 
39 274 00 78 337 00 117 332 00 156 344 00 95 323 00 
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Appendix 
CONCEPTS AND FORMULAE ASSOCIATED WITH 
MEASUREMENTS OF STREAM COMPETENCE 
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Appendix 2 
CONCEPTS AND FORMULAE ASSOCIATED WITH MEASUREMENTS OF 
STREAM COMPETENCE 
The ease of particle removal from the stream bed 
depends on the ratio between the force of the fluid acting 
to move the particles on the channel floor (viscous forces, 
which depend on the viscosity of the water, the velocity 
gradient, and the surface area of the particle) and the 
cohesive, inertial body forces acting on the particles to 
resist any motion. The relative importance of the viscous 
forces is expressed by a dimensionless coefficient, the 
Reynolds' number, 
Re = vdp/, u- (A2.1 
which takes into account velocity, v, depth of flow, d, and 
kinematic viscosity (`t =, N-/p, the ratio of dynamic viscosity 
to density). The value of Re is useful as an indicator of 
whether or not stream flow is turbulent. High values of Re 
(>500) indicate turbulent, rather than laminar, flow 
conditions. The relative influence of gravity forces on the 
type of flow is expressed by a second useful dimensionless 
coefficient, the Froude number, 
Fr výý (A2,2) 
The Froude number takes-into accountrthe accelerating force 
of gravity, g, as well as the velocity and depth of flow. 
A Froude value of 1.0 separates tranquil flow, in which 
gravity waves can be propagated-upstream-(Fr41. O, i. e. low 
velocities-or large depths of flow),, from rapid or 'shooting' 
flow (Fr >1. O, i. e. high velocities or shallow depths of flow). 
'Some 
overlap occurs with discussions in Chapters 5.5 
and-7.7, but is considered justified here in order to 
provide a separate and self-contained appendix for 
reference purposes. 
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Turbulent flow is marked by instantaneous 
fluctuations of velocity-through stream depth, which results 
in a high rate of energy and sediment transfer vertically 
through the stream (see also Mackin, 1948). The eddies 
generated in this way are promoted by rough channel 
boundaries. Greater values of bed roughness are associated 
with more turbulent flow, and therefore with higher 
Reynolds' numbers. Channel roughness is a measure of 
boundary resistance, and can be expressed either by 
measuring 'relative roughness' (i. e. the ratio of stream 
depth to the size of the resistance features), or, as is 
more commonly done, by calculating a roughness or friction 
coefficient. Formulae to define the resistance of the 
channel perimeter-to flow velocity have been introduced by 
many workers. The most widely used coefficients include 
those introduced by Chezy, Darcy-Weisbach and Manning, 
and which are used directly in - the. calculation of flow 
velocity. Manning's formula for stream velocity, v, 
employs a popular and-simple measure of bed roughness, n 
(e. g. Blench, 1969; Simons, 1969): -. 
v sj (AZ"3) 
Many workers equate the slope of the water surface or of 
the topographic surface with the slope of the energy 
gradient, S; the hydraulic radius, Rh, which is defined as 
the ratio of the cross-sectional"channel area to the length 
of the wetted channel perimeter, is frequently replaced by 
the closely equivalent depth of-flow (e. g. Nordin, 1964). 
O'Brien-and Rindlaub: (1934), -however, consider these 
substitutions asýmajor sources of error. Manning's-roughness 
coefficient, n, may be calculated from-Strickler's equation, 
where -,, - 1- --y=I 
n=0.039D' (A2.4) 
where D is particle size (see Church, 1970). The disadvantage 
of Manning's n is that particle, size is considered to be the 
sole source of bed roughness, and roughness produced by 
channel obstructions or bed structures is not accounted for 
(Leopold and Maddock, 1953). High values of Manning's n 
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(> 0.025, Simons, 1969) represent rough channel boundaries 
produced by large sediment particles, and is, therefore, 
a particularly appropriate measure of roughness in turbulent 
meltwater streams depositing coarse debris. The higher the 
roughness coefficient, the greater the turbulence of flow 
and therefore the greater the ease with which bed particles 
may be hydrodynamically lifted by random, turbulent eddies 
(e. g. Moss, 1972). Greater turbulence also increases the 
likelihood that particles coming to rest after motion will 
hit stationary bed particles and force them to move as well. 
The ratio of tfluid forces' acting on a particle 
(drag force) to the 'body forces' holding the particle in 
place determines whether or not the particle is moved. 
When the fluid forces are more powerful, the critical stress 
required for particle motion is attained, and grain movement 
occurs. The critical stress value can be expressed in several 
ways, each reflecting the 'competence' of the stream to 
transport its load. The critical tractive, force, `C'c, for 
example, is the minimum force or stress of water (expressed 
in g/m2) capable of bringing particles into motion: 
TC=y RhS (A2.5 
^= Yds (A2.6) 
.:: PgdS 
(A2.7 
where '6 is the specific' weight of the fluid, Rh is the 
hydraulic radius"(see-above), d is the depth of flow, p 
is the density of the fluid, g is the acceleration due to 
gravity, and S is the slope 
(see above). The corresponding 
velocity required for movement of particles on'the stream 
bed may be expressed by the competent velocity (Menard, 1950) 
or by the critical shear 
velocity, V 
,, where 
(A2.8) ( V* 
`pc) 
where. p is the density of the fluid. The vertical velocity 
profile may also. be determined : from V, 
(Briggs and Middleton, 
1965). 
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It is often more useful, however, to employ 
formulae which express the well-established relationship 
between critical flow conditions for particle motion, and 
grain size. Many workers have established functional 
relationships between grain size and critical values of 
tractive force, mean velocity, shear velocity, and 
Einstein's 'flow intensity' (see below, and Shulits and 
Corfitzen, 1937). Simple relationships have been formulated, 
for example, by Krey (in O'Brien and Rindlaub, 1934): 
(a) Tc=3.5 D (A2.9) 
where Tc is in lb/ft2 and D is the median particle 
diameter in feet. The value of the constant can, however, 
range from 4.6 to 7.2 (O'Brien and Rindlaub, 1934); 
(b) `i = 0.076 (ös - 16 )D (A2.10) 
where 'C c 
is in kg/m2, D is in metres, and (Ts -ö) is 
the difference in density between the sediment, T8, and 
the fluid, Y. This formula can only be applied to particles 
6mm in diameter;; Schoklitsch introduced a formula for 
smaller particles, with diameters. of between 3.00 and 0.1mm: 
-(-c = 2.85 x 104 (T 
s-c 
)DI (A2.11) 
where 'tc is in kg/m2. A transition zone occurs for 
intermediate particle sizes. Leliavsky (1955, in Graf, 
1971) introduced a similar simple relationship for particles 
whose mean diameter does not exceed 3.4mm: 
c = 
166 D (A2.12) 
where 'ý c 
is in g/m2, and D is the mean particle diameter 
in mm. 
More complex relationships are likely to be more 
realistic as they take into account other hydraulic 
variables such as shear stress, --and the degree of turbulence 
through the thickness of the layer of 'laminar' flow near 
the bed of a turbulent stream (see Menard, 1950). The thick- 
ness of this 'laminar sublayer' also provides a measure of 
relative roughness (see above). The complex formulae are 
generally employed by reference to their graphical equivalents, 
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rather than by a series of lengthy computations. Hjulström's 
'competency diagram' (1935), for example, provides a simple 
means of determining the mean flow velocities required to 
initiate and to terminate particle motion for homogeneous 
sediment sizes. The most easily eroded particles are the 
fine sands, ranging from 0.15 to 0.33mm in diameter, while 
larger particles are held down by their weight, and the 
resistance of smaller particles is increased by cohesive 
forces. Velocities need to be much greater for erosion than 
for sedimentation to occur. Fine sands can only be moved 
when average flow velocity reaches about 20 cm/s, but they 
can remain in motion while velocities fall to only 2.5 to 
1.0 cm/s. The critical depositional flow velocity rarely 
corresponds to the critical erosion velocity. 
A more extensively used graphical function has 
been developed by Shields (1936, in Ackers, 1962, in 






(s -ö )D 
= function ( 
(A2.14) 
Shields! function has a greater theoretical foundation and 
has been widely tested. It employs the critical tractive 
force at the bed, rather than the average flow velocity, and 
so includes the effects of shear velocity (Js) and 
kinematic viscosity, which is also affected by the depth of 
the laminar sublayer. 
The concept of a critical tractive force has 
provided a valuable basis for the development of formulae 
aimed at calculating the rate of movement of particles on 
the stream bed. Meyer-Peter and Mfiller, for example, have 
introduced a bedload function which partly relies on the 






(ö - X) 
0.047 : 0.25--- (A2.15) DsD(s) 
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(see Table 7.12 for second equation of this type), where 
the roughness coefficients k and kt represent the slope, 
or energy loss: k represents the total energy loss, and 
k' the energy loss resulting from grain resistance. The 
ratio of k to k' varies from 0.05 for channel beds with 
high bedform relief to 1.0 for channels with no bedforms. 
The hydraulic radius, Rh, may be replaced by flow depth, 
d, for channels whose banks are easily eroded. The sediment 
transport rate, g's, is derived from equation (A2.15) by 
substitution of all the known parameters with measured 
values; the total amount of sediment transport, Gs, is 
calculated by multiplying g' Ys and by stream width, w: 
A- 16) s 




The major variables are only channel slope, depth of flow 
and particle diameter, for the other parameters remain 
constant for the whole series of calculations, and 
computation of Gs is consequently straightforward. 
Einstein, on the other hand, considered the 
concept of critical flow conditions for the initiation of 
particle movement to be almost impossible to define and 
measure because particles are constantly being exchanged 
from stable bed to mobile bedload, and vice versa (Ackers, 
1962; Guy, 1970). The initiation of particle movement 
depends not only on the particle properties but also on the 
characteristics of neighbouring particles (Moss, 1963). 
Einstein (1950, in Ackers, 1962 and in Graf, 1971) 
introduced a bedload function which is, instead, based on the 
probabilities of particle movement (see also Guy, 1970). 
He developed a 'flow intensity' equation, 
Ps -PD (A2.17) 
p SRh 
(where Rh ed), which is functionally related to a second 
parameter, the intensity of bedload transport. The intensity 
of bedload transport, 
ý, is determined graphically from 
calculation of the flow intensity, (see graphical plot of 
v, ý, Figure 
.9 
in. Einstein, 1950); the sediment transport 
rate, gs, is then calculated by substitution of known 
581 





ö$ Ps _1 gD_3 
The total amount of sediment transport, Gs, is calculated 
from 
Gs = gs xw (A2.19) 
The bedload functions of Meyer-Peter and Moller 
and of Einstein provide an approximate value for the rate 
and amount of transport of bed material. Further experi- 
mental checking of the functions is still required, 
especially over a wider range of sediment sizes in natural 
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for individual sediment samples, 
"flossons 












































































































% - 03622 
. 40057 
2863 -1. . 













































. 26398 . 02456 1 

























1. 9 0 1q 
"00 
5 
4 "13840 8 . 
67945 . 
. 41050 
67 , 06 
1,13868 "36 . 4442266 6 -3 





. 8369 6 
. 22605 1.75330 , 93565 
7 412 , 7041? 
. 63931 











-. 13012 . 
68906 
-. 56771 : 
39209 

















. 040099 . 08 
. 16669 




















, 60954 . 66346 . 52495 } 
2 979155 . 90675 
. 
. 05767 




























. 66 222 
-. 49668 





4 . 36080 . 37379 

























36449 3 X10 87 
3 
1 








. 165 3 
46616 . 






.., 02397 7 . 51427 48 45' 
4 
4 "16048 -. 
21712 
. 43414 -. 
"48375 5 




.4 3 8 
4 3 8 
5 "30441 18733 "31510 -. 
75318 "30004 














































37 . 25 
. 47553 
2 68696 
. 83605 -. 80487 





















. 57565 03347 . 
32956 
9 , 54125 , 99580 . 11761 -2.48249 -. . 01822 
2 
-. 12840 j 
-*090 
588 
Table A3.2 continued. 
Domin- Factor 
sample ant 
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Appendix 4 
COMPOSITION, SIZE, SHAPE, AND SURFACE TEXTURE 
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Table AZ. 1 b 
The lithological composition of the outwash deposits 
(See Plates 4,5 and 6 for location of sites; sampling 
methods and sample sizes are discussed in Chapter 4.8) 
(a) Bossons outwash deposits 
T/R = replicate samples 
Jul 1 971 April 1973 
sample nage of Glasts sample Boa e of clasts present 
no. schist granite no. schist granite gneiss'quart- 
ziq 
quart- zite 
B1 98.00 2.00 
B2 100.00 0.00 
B3 85.00 15.00 
B4 82.50 17.50 
B5 62.50 37.50 
B6 87.50 12.50 
B7 82.50 17.50 
B8 82.50 17.50 
B9 67.50 . 50 
B10 82.50 17.50 
B11 67.50 52",. 50 
B12 85.00 15.00 
B13 80.00 20.00 
B14 77.50 22.50 
B15 100.00 0.00 
B16 72.50 27.50 
B17 87.50 12.50 
B18 95.00 5.00 
B19 97.50 2.50 
B20 90.00 10.00 
B21 90.00 10.00 
B22 85.00 15.00 
B23 85.00 15.00 
B24 90.00 10.00 










































































































































































b) North Esk outwash deposits 
sample dist- Percentage of clasts present 
no. ance schist gran- gneiss quart- alt. dol. + sand- 
km ite zits it lava stone 
E10A &. 33 60.00 17.78 0.00 6.68 4.44 8.66 2.22 
E1OB 8.33 43.16 21.56 1.96 5.88 7.84 19.60 0.00 
Ell 8.42 52.50 15.00 0.00 5.00 20.00 7.50 0.00 
E12 8.45 59.58 8.51 4.26 8.51 4.26 10.62 4.26 
E13A 8.46 42.00 6.00 6. oo 8.00 10.00 14.00 10.00 
E13B 8.46 68.97 6.89 8.63 3.45 3.45 6.89 1.72 
E19 14.95 7.84 0.00 0.00 1.96 17.66 58.86 5.88 
E23 5.20 58.49 20.75 9.43 3.77 1.89 3.78 1.89 
E25 4.17 70.21 10.64 10.64 8.51 0.00 0.00 0.00 
E29 8.63 41.39 10.34 12.07 13.80 1.72 13.79 5.17 
E30 3.55 50.94 20.75 7.55 11.32 3.77 3.78 1.89 
E31 3.24 72.56 7.84 5.88 9.80 1.96 0.00 0.00 
E32 2.53 81.53 9.23 4.62 4.62 0.00 0.00 0.00 
E33A 9.73 39.72 11.76 2.94 2.94 13.24 16.17 10.29 
E33B 9.73 34.24 4.11 9.59 4.11 13.70 20.55 12.33 
E35 7.05 48.39 12.90 24.21 4.84 0.00 4.83 4.83 
E36 12.62 19.40 2.99 0.00 5.97 19.40 25.38 23.83 
E37 1.31 76.10 3.30 1.10 5.40 9.80 4.40 0.00 
E38 1.31 79.00 3.20 6.4o 1.10 7.50 3.30 0.00 
E39 9.37 39.40 "4.30 0.00 9.60 12.80 29.80 4.30 
E40 7.77 64.71 1.96 0.00 9.80 11.76 5.88 3.92 
E46 6.77 62.96 5.56 0.00 7.41 14.81 7.41 1.85 
cý Westwater outwash deposits 
Percentage of Glasts resent 
sample dist- 
Ce schist gran- gneiss quart- alt. 
dol. + sand- 
no. 
km ite zite grit lava stone 
41 4.45 49.02 0.00 0.00 7.84 21.56 9.80 11.76 
42 4.47 36.92 4.62 0.00 15.38 20.00 18.47 4.62 
43 4.50 44.64 3.57 1.79 14.29 12.50 14.29 8.92 
44 4.49 39.20 1.96 1.96 21.56 25.48 7.84 1.96 
45 4.30 25.00 1.92 0.00 3.85 13.46 25.00 30.77 
47 3.30 61.11 0.00 1.96 9.26 9.26 13.07 5.56 
48 1.20 60.00 1.82 1.82 14.55 12.73 7.28 1.82 
49 1.13 62.50 1.79 1.79 12.50 12.50 7.14 1.79 
50 1.05 55.36 0.00 0.00 14.29 16.07 10.76 3.57 
E51 0.89 60.38 3.77 3.77 9.43 9.43 11.32 1.89 
52 0.83 84.75 0.00 0.00 10.17 3.39 1.69 0.00 
E53 0.84 61.82 3.64 0.00 14.55 9.09 7.27 3.64 
E59 2.14 56.60 3.77 1.89 13.21 18.87 0.00 5.66 
E60 2.14 55.17 1.72 0.00 20.69 15.52 0.00 6.90 
593 
(d) South Esk outwash deposits 
sample dist- Percentage of clasts resent 
no. ance schist gran- gneiss quart alt. dol. + sand- 
km ite zits it lava stone 
C10 3.75 36.00 6.00 3.00 8.00 6.00 46.00 4.00 
C15 24.73 29.00 2.00 2.00 8.00 18.00 34.00 7.00 
C16 24.74 22.00 2.00 2.00 10.00 12.00 40.00 11.00 
C19 24.90 32.97 8.79 0.00 12.09 18.68 23.10 3.30 
C20 24.88 23.00 6.00 0.00 8.00 16.00 39.00 8.00 
C21 24.81 18.00 1.00 1.00 13.00 14.00 37.00 16.00 
C22 24.72 32.00 7.00 1.00 13.00 4.00 30.00 13.00 
C24 7.03 31.82 3.41 0.00 3.41 10.23 48.86 2.27 
C25 20.59 24.44 7.78 5.56 8.89 11.11 31.12 8.89 
C26 26.29 24.39 6.10 0.00 7.32 18.30 34.14 9.76 
C34 24.52 5.01 5.01 0.00 15.02 91.70 36.72 16.69 
C35 24.52 5.77 1.92 1.92 15.38 28.85 40.38 5.77 
(e) The outwash deposits in Glen Lethnot 
sample dist- Percentage of clasts present 
no. ance schist gran- gneiss quart- alt. dol. + sand other 
km ite zite grit lava stone 
10 0.86 71.70 0.00 7.55 16.98 7.12 0.00 0.00 0.00 
12 0.93 75.00 4.00 0.00 21.00 0.00 0.00 0.00 0.00 
W14 0.99 84.00 0.00 0.00 16.00 0.00 0.00 0.00 0.00 
w16 1.03 80.00 0.00 2.00 18.00 0.00 0.00 0.00 0.00 
W21 1.40 68.00 0.00 2.00 30.00 0.00 0.00 0.00 0.00 
W33 2.46 7Z&. 00 6.00 0.00 20.00 0.00 0.00 0.00 0.00 
W35 2.54 76.00 0.00 2.00 18.00 0.00 2.00 0.00 2.00 
W38 2.79 78.00 0.00 2.00 20.00 0.00 0.00 0.00 0.00 
594 
Table A4.2 
Mean size and standard deviation of coarse clasts 
(a) The Bossons outwash deposits, 





no. ream downs 
(m) Mean 
(mm) 
B1 3.6 70.4 
B2 10.8 68.8 
B3 90.0 35.6 
B4 107.4 32.8 
B5 99.6 33.3 
B6 115.8 33.3 
B7 132.6 37.6 
B8 114.6 43.5 
B9 216.6 25.7 
B10 163.8 24.0 
B11 174.0 25.8 
B12 189.0 29.4 
B13 144.0 29.2 
B14 145.0 31.2 
B15 1.8 60.3 
B16 9.6 47.8 
B17 27.0 44.2 
B18 22.8 47,. 2 
B19 24.0 60.0 
B20 42.0 47.8 
B21 55.8 43.7 
B22 71.4 47.9 
B23 58.8 44.0 
B24 76.2 37.8 
B25 100.8 26.4 
595 
Table A4.2 continued. 
R= replicate samples Size data in mm. 
for mean values only 
sample Distance Schist 1973 Granite 1973 Quartzite 1973 
no. down- 
stream 
Mean S. D. Mean S. D. Mean S. D. 
(m) 
B119 15.1 61.56 24.41 58.80 45.54 - - 
B120 4.2 48.31 20.32 61.38 19.80 91.00 - 
B121 10.4 58.14 29.13 36.67 12.75 64. oo - 
B122 207.0 24.47 4.67 25.64 4.29 28.35 3.04 
B123 200.0 29.88 9.47 29.13 8.61 - - 
B124 194.9 28.08 6.50 27.41 7.56 25.40 - 
B125 182.8 27.32 8.39 24.69 4.94 - - 
B126 177.9 23.11 3.40 23.45 3.40 23.60 - 
B127 179.3 25.35 4.11 24.37 3.49 - - 
B128 124.5 28.36 8.66 29.16 9.50 26.80 5.34 
B129 149.3 25.46 7.19 26.25 6.26 - - 
B130 150.0 24.64 4.40 27.34 7.04 27.15 8.42 
B131 127.2 29.87 8.54 30.73 9.87 28.80 9.64 
B132 133.6 26.21 5.34 28.41 9.20 - - 
B133 136.1 32.44 11.10 28.11 7.58 - - 
B134 122.0 26.57 5.72 24.54 4.01 27.60 5.94 
B135 121.5 29.65 10.55 28.92 9.68 - - 
B136 117.6 29.60 10.61 24.64 4.14 - - 
B137 105.7 29.85 7.98 31.85 7.64 - - 
B138 108.0 31.71 9.90 28.14 6.54 - - 
B139 86.3 38.81 13.05 32.02 6.84 - - 
B140 87.1 33.28 12.17 37.77 12.43 - - 
B141 83.7 32.15 8.25 39.17 17.97 26.00 - 
B142 63.6 38.47 20.45 47.60 23.87 - - 
B143 54.2 38.58 12.43 38.11 9.92 - - 
B144 50.1 38.41 15.81 42.42 21.65 - - 
B145 45.0 39.63 19.29 39.02 16.98 51.30 - 
B146 42.3 52.23 19.20 `43.02 9.51 76.40 - 
B147 27.8 51.41 15.39 43.00 10.62 - - 
B148 24.4 48.87 26.21 65.00 45.56 - - 
B120 R1 4.2 42.44 43.30 - - - 
B120 R 4.2 42.77 -- 36.90 - - - 
B121 R1 10.4 44.88 - 31.54 - - - 
B121 R 10.4 45.83 - 32.88 - - - 
B146 R1 42.3 40.70 - 41.29 - - - 
B146 R 42.3 41.67 - 40.15 - - - 
B148 R1 24.4 36.70 - 43.08 - - - 
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Table A4.2 continued 
ýc) Schist clasts in the outwash deposits of 
Glen Lethnot 
(size data in mm) 













WL 6 300 540.5 145.1 
IL 7 330 537.0 119.9 
WL 8 534 475.0 113.7 
IZ 9 576 501.5 110.1 
IL 10 859 393.0 106.7 
WL 12 929 410.5 82.2 
WL 13 941 372.5 113.1 
IL 14 986 366.0 112.3 
WL 15 1025 441.0 192.5 
WL 16 1034 431.0 14o. 4 
WI, 17 1044 384.0 133.2 
WL 18 1074 418.0 169.2 
IL 19 1136 347.5 135.7 
IL 20 1166 347.5 136.7 
IL 21 1400 286.5 69.6 
WL 22 1667 414.0 122.6 
IL 23 1676 376.0 179.1 
ML 24 1724 392.0 92.0 
IL 25 1878 370.0 161,0 
IL 26 1941 393.0 173.6 
IL 28 1214 353.0 127.3 
IL 29 1286 358.0 78.5 
IL 30 1422 281.5 45.1 
IL 31 1482 335.0 78.1 
IL 34 2486 347.5 68.4 
IL 40 2933 310.8 84.0 
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Table A4.2 continued 
(d) Clast samples from the North Esk gravel pit 
Each sample comprises the ten largest clasts at 















PE 40A : 39.82 16.44 PE 44D 42.66 12.94 
B 65.66 28.94 E 53.98 20.67 
C 46.57 14.30 PE 45A 61.92 21.47 
D 53.01 22.16 B 56.06 13.26 
E 47.02 11.63 c 45.70 14.08 
F 45.07 10.85 D 36.64 10.22 
G 67.80 20.67 E 52.65 14.22 
H 39.65 6.89 F 39.37 13.40 
I 36.04 10.56 PE 46A 52.17 18.00 
PE 41A 31.83 7.11 B 50.34 9.51 
B. 31.52 7.66 c 52.31 15.78 
c 45.77 10.13 D 78.08 22.16 
D 56.47 16.27 E 43.08 21.04 
E 51.17 16.16 PE 47A 53.58 8.88 
F 14.33 17.25 B 30.43 10.37 
G 52.14 13.41 c 55.52 19.79 
H 63.31 19.46 D 45.86 11.11 
PE 42A 29.28 7.92 E_ 58.28 19.73 
B 66.96 . 23.20 F 61.41 17.03 
c 79.09 30.22 G 84.81 31.32 
D 54.95 19.00 H 52.08 27.97 
E 60.15 25.03 PE 48A 59.18 20.57 
F 44.28 12.51 B 55.17 7.67 
G 56.74 15.17 C 51.00 15.73 
H 54.80 20.10 D 53.05 9.35 
I 78.71 12.11 E 38.60 13.58 
PE 43A 52.16 13.81 F 52.75 9.60 
B 42.78 11.55 G 48.53 12.57 
C 39.30 9.52 H 68.64 24.91 
D 46.03 21.32 I 47.28 17.92 
E 61.66 18.39 J 58.42 9.98 
F 55.00 19.31 PE 49A 50.09 15.28 
PE 44A 51.63 14.85 B 40.38 10.32 
B 53.10 12.40 c 38.72 13.26 
c 28.72 11.29 D 61.41 25.47 
continued.. 
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PE 49E 66.59 28.64 PE 57A 64.20 16.06 
PE 50A 51.20 16.03 B 53.74 15.74 
B 41.75 6.09 C 64.77 19.47 
C 46.17 8.35 D 63.66 19.78 
D 52.83 27.56 E 66.67 16.78 
.E 71.14 17.49 PE 58A 53.29 21.89 F 52.82 15.20 B 47.38 9.42 
PE 51A 41.10 14.58 c 63.57 17.37 
B 60.80 10.86 D 62.98 15.75 
c 57.00 18.18 E 62.50 8.30 
D 70.56 18.04 PE 59A 52.71 9.65 
E 65.17 18.06 B 51.03 18.66 
PE 52A 52.60 13.54 c 60.35 20.83 
B 54.46 14.54 D 70.90 19.12 
C 66.05 21.79 
1 64 14 64 D .5 . PE 53A 65.83 16. oo 
B 77.77 22.48 
c 68.08 27.38 
D 54.27 14.29 
E 77.06 14.80 
F 80.05 20.92 
PE 54A 56.43 6.92 
B 48.73 10.99 
c 84.54 28.82 - D 49.24 14.63 
PE 55A 6o. 45 15.79 
B 58.90 12.05 
C 81.00 29.29 
D 55.86 11.69 
E 95.76 29.07 
F ? 5.43 18.89 
PE 56A 57.78 16.95 
B 54.11 18.85 
C 66.87 24.09 
D 66.38 16.83 
E 75.06 19.56 
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The acidity of the Bossons and North Esk 
outwash deposits 
(a) The Bossons outwash deposits, April 1971 
Surface deposits Subsurface 
-10cm 
deposits 
sample pH sample pH sample pH sample pH 
no. value no. value no. value no. value 
1. 6.32 39 6.71 1B 6.50 39B 6.23 
2 6.71 40 6.26 2B 6.12 40B 6.28 
3 6.25 41 7.10 3B 6.35 41B 6.59 
4 6.12 42 6.29 4B 6.19 42B 6.55 
5 7.12 43 6.41 5B 6.51 43B 6.31 
6 6.80 44 6.31, 6B 6.08 44B 6.26 
7 7.11 45 - 7B 6.01 45B 6.29 
8 7.11 46 6.52 8B 6.19 46B 6.31 
9 6.5o 47 6.51 9B 6.28 47B 6.41 
10 7.20 48 6.40 10B 6.48 48B 6.49 
11 6.35 49 6.78 11B 6.20 49B 6.59 
12 7.07 50 6.51 12B 6.20 30B 7.30 
13 6.39 51 6.44 13B 6.12 51B 6.40 
14 6.60 52 8.31 14B 6.5o 52B 8.00 
15 7.31 53 6.95 15B 6.41 53B 6.49 
16 7.63 54 6.21 16B 6.62 54B 6.20 
17 6.50 55 6.25 17B 6.25 55B 6.28 
18 6.70 56 6.80 18B 6.39 56B 6.30 
19 6.71 57 6.82 19B 6.06 57B 6.30 
20 7.00 58 6.58 20B 6.41 58B - 
21 7.00 59 6.68 21B 6.65 59B 6.41 
22 6.78 60 6.65 22B 6.40 60B 6.40 
23 6.72 61 6.72 23B 6.48 61B 6.78 
24' 6.32 62 6.82 24B 6.50 62B 6.71 
25 7.50 63 6.49 25B 6.38 63B 6.68 
26 7.21 64 6.41 26B 6.74 64B 6.51 
27 6.80 65 6.40 27B 6.02 65B 6.20 
28 6.62 66 5.81 28B 6.34 66B 5.82 
29 6.78 67 6.24 29B 6.54 67B 6.19 
30 6.55 68 6.21 30B 6.01 68B 6.79 
31 7.45 69 6.79 31B 6.81 69B 6.61 
32 7.41 70 6.72 32B 7.42 70B 6.43 
33 6.53 71 6.45 33B 6.77 71B 7.00 
34 7.32 72 6.29 34B 7.23 72B 6.49 
35 7.96. 73 6.40 35B 7.11 73B 6.50 
36 6.77 74 6.45 36B 6.18 74B 6.30 
37 6.80 75 7.51 37B 6.59 75B 7.49 
38 6.45 76 7.41 38B 6.18 76B 7.62 
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Table A4.5 continued. 








E 1OA 52 5.07 
B 79 4.95 
C 89 4.83 
E 11A 36 4.99 
B 57 5.46 
C 78 5.15 
E 12A 25 4.91 
B 54 5.31 
C 75 -5'45- D 108 5.33- 
E 13A 20 5.69 
B 53 5.67 
C 67 5.56 
D 86 8.48 
E 105 5.56 
F 119 4.93 
G 153 6.05 
E 19A 4 4.86 
B 34 4.99 
C 71 7.05 
E 23A 10 4.92 
B 30 5.4o 
E 24A - - 
B 20 5.39 
C 6o 5.31 
E 25A 3 5.41 
B 22 4.56 
C 91 5.20 
26A 25 5.58 








E 29A 17 5.56 
BD 50 5.12 
DE 65 5.05 
E30 A 1 4.35 
B 21 4.73 
C 9 4.53 
E 31A 5 3.92 
B 10 4.26 
C 53 4.49 
E 32A 6 4.21 
B 42 4.36 
E 33A 15 4.38 
B 48 4.82 
C 80 4.95 
D 135 5.74 
E 150 4.96 
E 35A 4 6.07 
B 10 6. o5 
C 28 5.03 
E 36A 4 4.90 
B 13 4.38 
C 26 5.33 
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TREND SURFACE ANALYSES: GENERAL RESUME OF METHODS 
AND ANALYSIS OF VARIANCE TABLES FOR 
TREND SURFACES PRESENTED IN CHAPTER 7 
A5.1 GENERAL RESUME OF METHODS 
USED IN TREND SURFACE ANALYSIS 
Trend surface analysis provides a method by which 
areal. variations in data may be divided into a regional 
component and a localized,. small-scale component. Many 
workers have demonstrated the value of trend surface analysis 
in helping to identify systematic areal changes in sedimentary, 
petrographic and topographic variables (e. g. Whitten, 1959; 
Allen and Krumbein,, 1962; Dawson and Whitten, 1962; Chorley, 
1964,1969; Slaymaker and Church, 1971; Shideler, 1973). 
These regional trends reflect the original processes operating 
on a large-scale across the whole area. Localized, small- 
scale variations in geomorphological variables may also be 
identified, and they reflect local, small-scale processes 
(see Slaymaker, and Church, 1971)" 
The method employed in this thesis for computing the 
trend surfaces'1 is`non-orthogonal polynomial analysis, in 
which successive polynomial surfaces are fitted to the data 
by the method of least squares. The basic assumptions are 
that the variables of west-east coordinates, X, north-south 
coordinates, Y, and the given data, Z, are independent, and 
that the values of Z are normally, or symmetrically, 
distributed about each'point on the best-fit surface''(see 
e. g. Krumbein, 1959b; Whitten, 1959; Allen and'Krumbein, 
1962; Dawson and Whitten, 1962; Chorley, 1964). The 
equations for the three lowest surfaces, L, the linear (1st, 
order), Q, -quadratic (2nd order) and C, cubic (3rd order) "' 
surfaces, are defined as follows: 
1Program 
-, written_by,, I. and M. Clark, Univ. Lond. _ 
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SL = aL + bLX + cLY (A5.1) 
gQ aQ + be + cQY + dQX2 + eQXY + flY2 (A5.2) 
Z=a+bX+c Y+ d Xz +e XY +f Y2 
+ gcx3 + h1Y3 + icx2Y + icxr2 (A3.3) 
The coefficients (a, b, c.... ) of each surface may be used 
to characterize the surface, and to compare it with surfaces 
representing other data for the'same region (e. g. Chapter 3, 
and'see Merriam and Sneath, 1966). ' The larger the value of 
the coefficient, the more dominance it has on the shape of 
the= polynomial surfaces- 
Surfaces are rarely computed beyond the cubic surface, 
especially if they are based on non-orthogonal methods of 
calculation (but see 10th order polynomials of Shideler, 1973). 
Computation of a non-orthogonal surface is such that the 
first coefficient in each equation, a, represents the Z 
value at the origin of the surface (i. e. equivalent to the 
regression intercept coefficient), while the first coefficient 
of an orthogonal surface is given by the mean value of Z 
(Allen and Krumbein, 1962). The non-orthogonal and 
orthogonal surfaces are computed by different methods; 
computation of the non-orthogonal surface is based on matrix 
algebra, for which certain requirements should be met. The 
distribution of data points is the most important consider- 
ation'(see Krumbein, 1959b; Whitten, 1959). Spurious 
surfaces may be produced if there are too few sampling sites 
or if they are locally too clustered, since the computational 
matrix, which is inverted for cubic and higher surfaces, may 
become unsymmetrical. The trend between each sample point on 
theAmap cannot, therefore, be assumed to be continuous or 
reliable. The trend surfaces predicted for sediment 
characteristics in the South Esk outwash deposits may, for 
example, be unreliable since sites are both few in number, 
and a largeproportion of them are clustered in a siingl* 
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locality (i. e. the South Esk gravel pit) (see Section A5.2). 
Many other workers have considered the problems associated 
with the distribution of sampling sites in the production of 
reliable trend surfaces (e. g. Miller, 1956; Allen and 
Krumbein, 1962; Robinson, 1962; Chorley et al., 1966; 
Chorley, 1969; Krumbein, 1972). 
The reliability of each surface may be determined 
from the percentage of the data variability explained by 
the total sum of the squares, of the deviations from the 
surface. The percentage explanation accounted for by each 
surface gives a measure of the confidence which may be placed 
on the surface and on any interpolation or extrapolation of 
the surface (see Krumbein, 1958). The significance of the 
surface is denoted by the'number of degrees of freedom, and 
by the F-ratio. The F-ratio is the ratio of the mean square 
of predicted values on each surface to the mean square of the 
deviations from each surface (see Tables in Section A5.2). 
Each successive surface, from low order to high order 
surfaces, should explain an additional proportion of the 
spatial variability do the data values (see Chorley and 
Haggett, 1965). An F-ratio can also be calculated to 
indicate whether each surface I explains a significantly 
greater proportion of the variability than the preceding 
surface, and is known as the OF-ratio of the difference' 
(see Tables in Section A5.2). The most useful trend surface 
can be identified by establishing the significance level at 
which it may be considered acceptable and reliable. Compari- 
sons between surfaces representing different variables are 
facilitated if trend surfaces of similar order are presented; 
in this study, all first and third order trend surfaces have 
been plotted. Krumbein (1963) proposes methods of plotting 
confidence intervals both for each trend surface and for each 
point on the surface. 
A trend surface which accounts for a high and 
significant percentage of the areal variability in the data 
reflects the dominance of systematic, regional trends over 
local, chance variations. Prediction from such a trend 
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surface may be carried out with considerable confidence. 
A trend surface which is not statistically significant, or 
accounts for a low percentage of the areal variability in 
the data, indicates that local, small-scale variations, or 
'noise', is more important than an overall regional trend 
(e. g. Allen and Krumbein, 1962). These local deviations, 
or residuals, from the predicted trend surface can often be 
geomorphologically significant; areal plots of residual 
values frequently draw attention to localized geomorphological 
conditions, processes or end-products (e. g. Slaymaker and 
Church, 1971). The lower the significance of the trend 
surface, the more important, are. local features in affecting 
the areal pattern of data values. The pattern of residuals 
may, as in the North and South Esk outwash deposits, partly 
reflect the sampling distribution, especially where sites 
are: clustered in an area in which the data values are quite 
variable; the sampling distribution should, therefore, be 
taken into account when interpreting maps of residual values 
(e. g. Krumbein, 1958 ). 
ýw Errors of interpretation may not only arise from a 
scant or clustered sampling distribution, but also from the 
use of closed data, such as percentages (Krumbein, 1972). 
Percentage values. are not necessarily independent of one 
another, so that several trend surfaces based on the percent- 
ages-of different constituents from each sample should not 
be;. considered as independent surfaces (e. g. Vistelius and 
Sarmanov, 1961; Dawson and Whitten, 1962). -Krumbein and 
1'ukey (1956) have wuggested a , method of transforming 
percentage data, to are sin square root values so that they 
become mutually independent, ' Mis-InterpretatIon of the 
trend surface and residual maps may also occur if emphasis is 
laid on marginal information; the predicted surfaces 
decrease in accuracy towards their mapped limits, owing to 
, 
'boundary effects' (Dawson and Whitten, 1962). 
A significant trend surfacd, based on a well-scattered 
distribution of sample points, can provide, reliable information 
on the regional and local patterns of change in a wide range 
of geomorphological data. 
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A5.2. ANALYSIS OF VARIANCE TABLES FOR 
TREND SURFACES OF DOWNSTREAM AN 
S 
DEP 
The analysis of variance tables are arranged in 
the-same order of appearance as the corresponding trend 
surface maps in Chapter 72 
Analysis of variance tables in Appendix 5.2 
Analysis of Outwash 
variance deposit 
table 





A5.1 Bossons Percentage of - 
facies V 7.3 
A5.2 North Esk 
A5.3a Bossons Mean Glast size Schist A5.3b Standard devi- 
ation (of mean 
clast size) 
A5.4a Bossons- Mean clast size Granite 
A5.4b Standard devi- 
ation 
A5.5a North Esk Mean clast size Schist 7.11 A5.5b and Westwate Standard devi- 
ation 
A5 6a ; South Esk Mean clast size 
, A5.6b Standard devi- 7.15 
ation 
A5.7 North Esk' Percentage 7.21 
and West-, present 
water 
A5.8. South Esk 7.25a 
A5.9 North Esk Cailleux 7.32 
roundness 
index 
A5.10 orth Esk Mean clast size - 7.43 
gravel pit 
Table A5.1 
Analysis-of variance of trend surfaces for the percentage 
of facies V sediments in the Bossons outwash deposits 
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Source of Sant of Degrees : dean F-ratio Siiifi- ; 
'ago of 
variance squares of square canco total 
freedom level sum of 
squares 
Linear 4519.00 2 . 
2259.50. 10.61 0.001 ". 24.05 
esidual 14271.00 67 213.00 75.95 
Quadratic 5941.80 5 1188.40 5.92 0.001 31.62 
Difference 1422.90 3 474.28 2.36 no 7.57 
Residual 12848.00 64 200.75 63.38 
Cubic 7449.20 9 827.69 4.38 "0.010 39.65 
Difference 1507.40 4 376.84 1.99 no 8.03 
Residual 11340.00 60 189.01 60.35 
Total 18790.00 70 ns = not significant 
Table A5.2 
Analysis of variance of trend surfaces for the percentage 
of facies V sediments in the North Esk outwash deposits 
Source of Sum of Degrees 
i Mean F-ratio 
Signifi- : age o 
variance squares of square cance total 
freedom level sun of 
squares 
Eineau -962.48 2 481.24 2.23 ns 25.55 
esidual 2804.50 13 215.73' 7+. 45 
uadratic 1251.60 5 250.33 1.00 na 33.23 
Difference 289.15 3 96.38 0.38 ns 7.68 
Residual 2515.30 10 251.53 66.77 
Cubic 1578.40 9 175.37 0.48 ns 41.90 
Difference 326.72 4 81.68 0.22 ns '8.67 
Residual 2188.60 6 364.77 58.10 
Total 3767.00 16 ns = not significant 
Table A5.3a 
Analysis of variance of trend surfaces for means size of 
athigt t1a4te in +hA Tn4QnrA rn'tw-, 4h ýnnnai+a 
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Source of Sum of DeCreesl Idean F-ratio Siiifi- ; taro 0 
variance squares of square canco total 
freedom level sum of 
squares 
Linear 2495.80 2 1247.90 44.26 0.001 76.63' 
Residual 761.30 27 28.20 23.37 
Quadratic 2921.70 5 584.33 41.80 0.001 89.70 
Difference 425.82 3 141.94 . 10.15 "0.001 13.07 
Residual 335.48 24 13.98 10.30 
Cubic 2950.90 9 327.88 21.41 0.001 90.60 
Difference 29.25 4 7.31 0.48 ns 0.90 
esidual 306.23 20 "15.31 9.40 
Total 3257.10 30 us = not significant 
Table A5.3b 
Analysis of variance of trend surfaces for standard deviation 
of mean size of schist clasts in the Bossons outwash 
deposits 
Source of Sum of Degrees Mean 
-ratio F-ratio 
; gage o 
variance squares of square cance total 
freedom level sum of 
squares 
Linear 1018.60 2 509.30 37.13 0.001 73.33 
Residual 370.39 27 13.72 26.67 
Quadratic 1176.90 5 235.37 26.63 0.001 84.73 
Difference 158.27 3 52.76 5.97 0.010 11.40 
Residual 212.12 24 8.84 15.27 
Cubic 1228.10 9 136.46 16.97 0.001 88.42 
Difference 51.28 4 12.82 1.59 ns 3.69 
Residual 160.84 20 8.04 11.57 
Total 1389.00 30 
ns = not significant 
Table A5.4a 626 
Analysis of variance of trend surfaces for mean size of granite 
clasts in the Bossons outwash deposits '" 
Source of Sum of DoCreesi Mean F-ratio Signifi- o 
variance squares of square cance total 
freedom level sum of 
squares 
Linear 2464.10 2 1232.10 27.18 0.001 
, 
66.81 
Residual 1224.10 27 45.34 33.19 
Quadratic 2802.80 5 560.55 15.19 0.001 75.99 
Difference 3386.40 3 112.88 3.06 0.050 9.18 
Residual 8854.60 24 36.89 24.01 
Cubic 2973.10 9 330.34 9.24 0.001 80.61 
Difference 170.30 4 42.57 1.19 ns 4.62 
Residual 715.16 20 35.76 19.39 
Total 3688.20 30 
ns = not significant 
Table A5.4b 
Analysis of variance of trend surfaces for standard deviation of 
mean size of granite clasts in the Bossons outwash deposits 
Source of Sum of Degrees Mean F-ratio Signifi- ; 
gage of 
variance squares of square cance total 
freedom level 
" 
sum of I 
squares 
Linear 1318.00 2 659.02 9.42 0.001 41.10 
esidual 1889.00 27 69.96 58.90 
uadratic 1511.20 5 302.23 4.28 0.010 47.12 
Difference 193.14 3 64.38 0.91 ne 6.02 
Residual 1695.80 24 70.66 52.88 
Cubic 1577.90 9 175.32 2.15 ns 49.20 
Difference 66.73 4 16.68 0.20 ns 2'. 08 
Residual 1629.10 20 81.45 50.80 
Total 3207.00 30 
ns = not significant 
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Table A5.5a 
Analysis of variance of trend surfaces for mean size of schist 
clasts in the North Esk and Westwater outwash deposits 
Source of Sum of Dogreesi ! -lean r_ratio Si` ifi- t'. - age u 
variance squares of square cance total 
freedom level sum of 
squares 
Linear 2112.10 2 1056. oo 30.46 0.001. 67.01 
esidual 1040.00 30 34.67 32.99 
Quadratic 2292.90 5 458.57 "14.41 0.001 72.74 
Difference 180.76 3 60.25 1.89 ns 5.73 
Residual 859.27 27 31.83 27.26 
Cubic 2376.20 9 264.02 7.83 04*001 75.38 
Difference 83.34 4 20.84 0.62 ns 2.64 
Residual 775.93 23 33.74 24.62 
Total 3152.10 33 
ns = not significant 
Table A5.5b 
Analysis of variance of trend surfaces for standard deviation of 
mean size of schist clasts in the North Esk and Westwater outwash 
deposits 
Source of Sum of Degrees Mean F -ratio 
Signifi- ;: age o 
variance squares of square cance totr. l 
freedom level sum of 
squares 
Linear 1363.80 2 681.89 18.67 0.001 55.46 
esidual 1095.50 30 36.52 44.54 
Quadratic 1478.40 5 295.67 8.13 0.001 60.11 
Difference 114.59 3 38.20 1.05 ns 4.65 
Residual 980.87 27 36.33 39.89 
Cubic 1514.00 9 168.22 4.09 0.010 61.56 
Difference 35.59 4 8.90 0.22 ne 1.45 
Residual 945.28 23 41.10 38.44 
Total 2459.20 33 
ns = not significant 
Table A5.6a 628 
Analysis of variance of trend surfaces for mean size of schist 
clasts in the South Esk outwash deposits 
Source of Sum of Degrees] Mean F-ratio Si` ifi- eo 
variance squares of square cance total 
freedom level sum of 
squares 
Linear 277.74 2 , 138.87 2.87 na 38.92 
esidual 435.91 9 48.43 61.08 
Quadratic 327.80 5 65.56 '1.02 ns 45.93 
Difference 50.06 3 16.69 . 0.26 na 7.01 
Residual '385.85 6 64.31 54.07 
Cubic 642.52 9 71.39 2.01 ns 90.03 
Difference 314.73 4 78.68 2.21 ns 44.10 
Residual 71.12 2 35.56 9.97 
Total 713.64 12 
ns = not significant 
Table A5.6b 
Analysis of variance of trend surfaces for standard deviation 
of mean size of schist clasts in the South Esk outwash deposits 
Source of Sum of Degrees Mean F-ratio Signifi- ; gage o variance squares of square cance total 
freedom level sum of 
squares 
Linear 26.43 2 13.22 1.13 ns 20.10 
Residual 105.08 9 11.68 79.90 
Quadratic 68.96 5 13.79 1.32 ns 52,44 
Difference 42.53 3 14.18 1.36 ns 32.34 
Residual 62.55 6 10.43 47.56 
Cubic 127.25 9 14.14 6.64 ns 96,76 
Difference 58.29 4 14.57 6.85 ns 44.32 
Residual 4.26 2 2.13 3.24 
Total 131.51 12 
ns - not significant 
Table A5.7 629 
Analysis of variance of trend surfaces for the percentage of 
schist clasts in the North Esk and Westwater outwash deposits 
Source of Sum of Deereest I"lean F-ratio Si ifi- . aao of 
variance squares of square cance total 
freedom level sum of 
squares 
Linear 6217.80 2 . 3108.90 27.62 0.001 
64.80 
Residual 3376.9 30 112.56 35.20 
Quadratic 7015.40 5 1403.10 '"14.69 0.001 73.12 
Difference 797.61 3 265.87 "2.78 ns 8.32 
Residual 2579.30 27 95.53 26.88 
Cubic 7584.00 9 842.67 9.64 0.001 79.04' 
Difference 568.66 4 142.17 1.62 na 5.88 
Residual 2010.70 23 8.7.42 20.96 
Total 9594.70 33 ns = not significant 
Table A5.8 
Analysis of variance of trend surfaces for percentage of schist 
clasts in the South Esk outwash deposits 
Source 
of Sum of Degrees Mean F-ratio Signifi- ; 
image o 





Linear 255.74 2 127.87 0.15 ne 3.26 
Residual 592.40 9 843.60 96.74 
Quadratic 506.33 5 101.27 0.08 ne 6.45 
Difference 25.06 3 83.53 0.07 ns 3.19 
Residual 734.18 6 1223.60 93.55 
Cubic 949.03 9 105.45 0.03 ns 12.09 
Difference 442.70 4 110.67 0.03 ns 5.64 
Residual 899.10 2 3449.50 87.91 
Total 848.10 12 
ns = no. t significant 
Table A5.9 63o 
Analysis of variance of trend surfaces for mean clast roundness 
in the North Esk outwash deposits 
Source of Surn of 
i 
Degreesl : dean F-ratio S'! mifi- ; ý'aao of 
variance squares of square canco total, 
freedom level sum of 
squares 
Linear 9110.90 2 4555.50 1.79 ns 20.34 
esidual 35693.00 14 2549.50 79.66 
uadratic 32751.00 5 6550.20 ' 5.98 0.010, 73.10 
Difference 23640.00 3 7879.90 7.19 0.010 52.76 
Residual 12053.00 11 1095.70 26.90 
Cubic 36873.00 9 4097.00 3.62 ns 82.30 
Difference 4121.80 4 1030.50 0.91 ns 9.20 
Residual 7931.30 7 1133.00 17.70' 
Total 44804.00 17 
ns = not significant 
Table A5.10 
Analysis of variance of trend surfaces for mean size of ten 
largest clasts in the North Esk gravel pit outwash deposits 
ource of Sum of Degrees Mean F-ratio Signifi-- ;: age of 
variance squares of square cance total 
freedom level sum of 
squares 
Linear 6192.90 -2 3096.50 24.24 0.001 28.94 
esidual 15204.00 119 127.76 71.06 
Quadratic 7475.10 5 1495.00 12.46 0.001 34.94 
Difference 1282.20 3 427.40 3.56 0.050 6.00 
Residual 13922.00 116 120.01 65.06 
Cubic 8328.50 9 925.39 7.93 0.001 38.92 
Difference 853.38 4 213.35 1.83 ns 3.98 
Residual 13068.00 112 116.68 61.08 
Total 21397.00 122 
ns = not significant 
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Appendix 6 
GRID REFERENCES1 AND BRIEF DESCRIPTION OF SITES IN 
THE NORTH ESK, WESTWATER AND SOUTH ESK 
OUTWASH DEPOSITS 
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628672 41.0 to 
629671 43.0 
E30 ' 598712 































Commercial pit, partly 
flooded, clm exposed gravels 
North Esk gravel pit, < 2m 
exposed - deposits, < 0.4m 
. topsoil removed 
>0.2m bedded-gravels in 
edge of terrace bluff over- 
looking present flood-plain 
terrace; 0.6m topsoil. 
->0.2m gravels, partially 
. exposed 
in wooded terrace 
bluff 
>1.5m gravels beneath 0.35 
cm topsoil, river cutting 
. overlooking present river >1. Om stratified sediments 
in river cutting overlooking 
river gorge 
North Esk gravel pit, < 2m 
"exposed gravels, numerous 
sand-lenses, bedding 
structures and imbricated 
clast deposits 
Top of, river cliff bounding 
river gorge; crudely imbri- 
cated boulders t 1m diam, 
obscure any stratification 
of deposits 
> 1.5m exposed gravels in 
top of river cliff; severely 
leached 
>0.35m bedded gravels in 
edge of terrace bluff -, 
>0.25m bedded gravels, at, 
top of river cliff 
> o. 75m gravels and coarse 
, cobbles. 
in edge, of abandoned, 
overgrown gravel pit over- 
looking river gorge. 
Disused, overgrown gravel 
pit in woodland 
Gravel section exposed in-:,,,, 
edge of terrace bluff, near 
track 
Abandoned gravel pit near 
Pr1 P of f ot. i ri 
1 See Plates 5 and 6 for location of sites 
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. 




(O. S. Sheet 
NOý) 
Approx. 
altitude 2 (m., O. D. ) 
Brief description of 
site 
E41 606667 Shallow gravel cuttings on 
E42 607667 44.0 to edge of terrace; some 
E43 609668 45.5 surface disturbances (e. g. E44 608668 rabbit warren) obscure any 
bedding structures 
E45 603668 45.5 to Cutting in embankment at 47.0 edge of Forestry Commission 
woodland 
E47 600677 55.0 Edzell Golf Course sand pit; 
coarse debris overlying 
thick series of cross- 
bedded sands 
E48 583686 Series of exposures on E49 582687 61.0 to right bank terrace of River 
E50 581687 69.0 Westwater; >2m gravels and 
E51 579688 large weathered cobbles, 
E52 579689 overlying Old Red Sandstone 
in river gorge, and over- 
looking small lower terrace 
E53 579689 67.0 to Bank on left bank terrace 
68.5 
E59. 5916851 53.5 0.5m coarse gravels exposed 
E60 591684 at'top of terrace bluff 
(c) South Esk outwash d eposits 
C10 432577 97.5 to 99.0 >1.5m involuted and imbri- 
cated coarse pebble beds in 
disused gravel pit (filled- 
in Sept. 1975) 




649587 15*0 to series of cross-bedded and 
C20 648588 20.0 
trough-bedded sands and 
C21 647588 
gravels on edge of terrace 
overlooking present flood- 
C22 646588 plain of River South Esk C24 468581 70.0 to 73.0 0.30m of soil-rich gravels 
in terrace bluff- 
C25 607592- 23.0 Shallow pit in terrace bluff 
on right bank of River South 
Esk 
C26 661568 . `_15.0 Sand pit near_Powis Farm; 
silts and fine pebble bands, 
possibly non-outwash or 
transitional fluvioglacial- 
marine sediments 
C34 645586 15 0 Abandoned section of South Es C35 646586 yg gravel pit; imbricated pebble 
beds 1 
2 Altitudes. estimated to nearest 0.5m from O. S. topographic 
maps, 1: 25000 and. 1: 10560. 
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Judith K. MAIZELS 
LE GLACIER DES BOSSONS 
Quelques aspects caracteristiques 
de I'environnement proglaciaire 
(Discussion sur les differentes facons dont le glacier af fecte les tempe- 
ratures proglaciaires, et sur le recent developpement de la vegetation. ) 
RESUME. - L'interet de ce travail est dinge sur la fagon dont ; la 
proximitE du glacier influe sur les temperatures de la vallee progla- 
ciaire, et dont le developpement du sol et de la vegetation a pris place 
depuis le dernier recut du glacier, en 1940, de la region actuellement 
aride et non glacee. La vallee proglaciaire a ete prospectee, et des 
thermometres ont ete places it differentes distances successives de la 
marge glaciaire. L'estimation de 1'erosion a ete fondee sur pres de 
200 valeurs pII obtenues sur des echantillons de la vallee, et le compte 
des cercles de croissance sur les troncs d'arbres a fourni 1'äge approxi- 
motif des anciennes moraines terminales. La ligne de demarcation a ete 
datee d'environ 1890, et une carte des trois principales zones de vege- 
tation, apres 1940, apres 1890 et avant 1890 a ete realisee. 
11 existe des divergences d'opinion en ce qui concerne la dispo- 
sition climatique actuelle de 1'hemisphere Nord, mais les avances 
glaciaires soutiennent 1'affirmation que notre climat se refroidit, on 
se trouve dans un cycle froid. Les geomorphologues glaciaires se sont 
toujours interesses aux variations de position des fronts glaciaires, 
mais leur etude s'etend egalement ä ces zones qui ne sont plus cou- 
vertes de glace. L'atmosphere affecte ces regions par l'intermediaire 
de procedes d'erosion mecaniques et chimiques, tels que la croissance 
de cristaux de glace, l'hydrolyse, et la dissolution. Le developpement 
des sols et la regeneration successive de la vegetation modifient par 
la suite la nature du sol. 
* B. Sc., F. R. G. S. King's College, Universite de Londres. 
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Le glacier des Bossons a attire les geologues et les beomorpho- 
logues a cause de la position relativement accessible de son front 
glaciaire et, plus recemment, parce qu'on a decouvert qu'il continuait 
d'avancer (cf. R. Vivian, 1969, et P. Veyret, 1971). Entre 1952 et 1969, 
le front a avance de 170 m, de 70 m entre aoüt 1969 et avril 1971, et 
entre avril et juillet 1971 une avance de 6ä7ma ete enregistree. 
La langue du glacier des Bossons change nettement sa position de 
facon continuelle, et les enregistrements historiques de ces fluctua- 
tions datent du xvi' siecle. Jusqu'ä une date recente, cependant, 
il ya eu relativement peu de tentatives pour etudier les changements 
qui se sont produits dans la zone laissee exposee par le retrait du 
glacier. Le present article est un sommaire concernant une etude 
preliminaire de la vallee proglaciaire du glacier des Bossons au tours 
de trois expeditions : aoüt 1969, avril et juillet 1971. 
1. Le glacier et sa marge glaciaire. 
En quelque endroit du glacier que la fonte se produise, des 
courants d'eau de fonte et des torrents impetueux devalent la pente, 
sur le glacier ou en contrebas. -Les courants 
d'eau de fonte se chargent 
lourdement de « poudre de roches », composee de boues et d'argiles 
hautement mineralisees, provenant directement de roches de fond 
broyees et de debris de roches. Les courants emergent du front 
glaciaire sous la forme de a lait glaciaire » blanc, jaune ou brun, et 
deposent leurs lourds chargements de cailloux et de roches stir le 
sol non reconvert de glace. Des cones d'eboulis composes de ce 
materiel s'elevent rapidement devant la marge glaciaire et meme sur 
la marge elle-meme, lorsque les torrents qui emergent coulent sur le 
front glaciaire. 11 peut y avoir un nombre indefini de courants d'eau de 
fonte emergeant des differentes parties du front glaciaire. En 1969, il y 
en cut un seul, contre 10 en avril 1971. Pendant l'ete, lorsque la fonts 
atteint son maximum, il ya un plus grand nombre de courants, les 
canaux sont plus profonds et plus larges, et ils debordent souvent 
pour former des ruelles d'eau a travers certaines parties du fond de 
la vallee. Les courants qui emergent de la marge glaciaire creusent 
des canaux a travers la moraine terminale. En juillet 1971, la 
moraine terminale formait une arete dont la crete variait de 1m 
15 m de hauteur a mesure qu'elle decrivait une courbe autour de ]a 
marge glaciaire (fig. 1). Une Brande partie de cette moraine porte un 
noyau de glace visible et seulement reconvert d'un fin manteau de 
debris morainiques. Cette moraine an noyau de glace peut titre egale- 
ment definie en tant que glace A couverture de moraine, selon que 
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le noyau de glace est attache ou non ä la masse de glace du glacier. 
Cependant, la-profondeur et l'etendue de la glace ensevelie dans la 
vallee nous sont inconnues. Le töte oriental de la marge glaciaire 
(fig. 2) est couvert de debris de roches (a) et la glace souterraine (b) 
n'a pas eu l'occasion de fondre. La fonte maximum s'est produite 
sur le töte glacier de ce ruban de debris, de sorte qu'une depression 
en forme d'auge (c) s'est formee entre les debris et le glacier. La 
glace couverte de debris est abandonnee sous la forme. d'une arete 
apparente (d), separee partiellement du glacier par ce canal et for- 
mant une moraine au noyau de glace. 
(a) debris 
marginaux 




Fig. 2. - La moraine an noyau de glace sur la marge glaciaire orientale. 
2. L'avant-pays glaciaire. 
A) L'environnement proglaciaire. 
Les variations journalieres et saisonnieres dans les conditions 
atmospheriques provoquent des changements d'allure du glacier. La 
reaction du glacier au climat affecte la position du front glaciaire 
qui ä son tour modifie l'eau de fonte et les conditions climatiques de 
l'avant-pays glaciaire, c'est-a-dire la vallee qui s'etend au-dela de la 
marge glaciaire. L'avant-pays glaciaire depend integralement de la 
proximite du front glaclaire en etat de fonte, car il est compose en 
grande partie de sediments fluvio-glaciaires deposes dans le fond de 
la vallee. Les sediments des eaux de fusion ont ete transportes seule- 
ment sur une courte distance depuis la region de la source, et sont 
continuellement soumis a l'erosion, tries, deposes et ensevelis, suivant 
(d) moraine au noyau de glace 
Ic) dfpression en auge 
lIoJ 
de fo 
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les diferents niveaux d'energie des courants d'eau de fonte, et sui- 
vant les positions de leurs canaux. La decharge des courants forte- 
ment charges varie suivant les jours et les saisons, refletant les 
regimes de changement de temperature. Le ruissellement quotidien 
des courants d'eau de fusion pendant la saison de fonte varie depuis 
les filets d'eau claire du petit jour jusqu'aux torrents profonds et 
rapides d'eau de fonte brune du crepuscule. Les sediments sont redis- 
tribues A presque chaque niveau de decharge du courant, et lorsque 
la decharge diminue, le depot devient d'autant plus important. Les 
depots sont vite accumules de facon A remplir toutes les irregularites 
du sol de la vallee, afin de former un talweg plus uni, ä pente douce. 
Les, marmites de geants, formees lors de la fusion de printemps, 
comme en avril 1971, par la fonte soit de blocs de glace detaches du 
glacier, soit de glace ensevelie, sont de nouveau remplies pour l'ete 
(cf. R. Vivian, 1967). 
Seuls les plus hauts niveaux du fond de la vallee, c'est-ä-dire les 
terrasses, les talus et les bancs saillants, ainsi que les moraines, 
echappent aux changements quotidiens du tri de leurs sediments, car 
le niveau d'eau les atteint moins frequemment. Ces regions sont par 
consequent plus stables que les sediments toujours remues des banes 
situes plus has au milieu du courant, et ont ete colonisees par la 
vegetation. La vegetation, a son tour, aide ä accroitre la stabilite des 
gisements par faction liante des racines. 
Pres du milieu du fond de la vallee se trouve le reste d'une 
ancienne moraine terminale qui semble former un « ilot » de vege- 
tation, composee d'especes d'arbres tels que l'Alnus, le Salix et le 
Larix. En contrebas de cette moraine, quelques sediments apportes 
par les eaux de fusion sont en train de subir le procede de colonisa- 
tion par des jeunes plants de quelques centimetres de hauteur, ce 
qui represente un premier pas vers la vegetation d'une region liberee 
de la glace il ya environ trente ans. 
Les moraines laterales, qui forment les cotes de la vallee, et 
s'etendent sur une centaine de metres au-dessus du fond de la vallee, 
sont aussi couvertes de vegetation par endroits. La couverture d'arbres 
est tres etendne -pres de l'extremite de la vallee, mais la vegetation 
devient nettement plus hasse et plus rare ä mesure que l'on s'approche 
de la marge glaciaire. Cc modele de couverture vegetale est moins lie 
an micro-climat qu'ä 1'epoque ä laquelle la vegetation a pu s'im- 
planter. Les regions decouvertes par la glace depuis des centaines 
d'annees peuvent eire recouvertes d'une epaisse fork de conif6res, 
tandis que les regions decouvertes depuis moins de dix ans peuvent 
etre colonisees seulement par des lichens, des mousses, quelques 
plantes ä fleurs et des pousses d'arbres. Les sediments purs, riches 
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en mineral, mettent longtemps ä se transformer en sols mürs et 
equilibres qui peuvent soutenir une fork de coniferes. Chaque etape 
de la succession vegetale modifie le sol, ou e substratum z, en vue de 
1'etape suivante. Dans la vallee proglaciaire du glacier des Bossons, 
nous trouvons des zones representant les differentes etapes de la 
succession vegetale. En meme temps que les zones desertiques, il 
existe des zones couvertes de lichens de roches (cf. Rhizocarpon 
geographicum), des zones couvertes d'especes de plantes colonisatrices, 
des zones couvertes de petites especes d'arbres, et des zones recou- 
vertes d'une variete assez dense d'arbres, dont le Picea. 
On trouve egalement de la vegetation pros de la glace elle-meme, 
tä oft l'on s'attendrait ä cc que les conditions peu favorables de tempe- 
rature arretent la croissance des plantes ou au moins empechent 
toute forme de vegetation. La presence de vegetation margino-glaciaire 
est due A 1'avance recente du glacier, car la region etait d'abord recou- 
verte de vegetation lorsque le front glaciaire se trouvait dans une 
position retiree. Le fait que la vegetation semble survivre est plus 
difficile A expliquer, mais les differentes mesures prises montrent 
que les temperatures, pendant la saison de croissance vegetale, ne 
sont ni aussi basses, ni aussi extremes que l'on pourrait le croire. 
B) Etude des temperatures dans la marge proglaciaire. 
Les temperatures ont ete mesurees sur 9 thermometres et un 
thermohygrographe qui etaient places A differentes distances de la 
marge glaciaire sur le fond de la vallee et les moraines laterales (cf. 
C. Lindroth, 1963) (fig. 1). Les mesures prises en avril et en juillet 
1971 ont fourni plus de 80 enregistrements de temperature sur chaque 
thermometre. Ces valeurs ont ete comparees a celles de Chamonix 1 
afin de voir l'influence que la proximite du glacier avait sur les 
temperatures moyennes de la vallee. Si l'on suppose un gradient de 
0,5° C/100 m, la temperature dans la vallee proglaciaire devrait We 
de 0,8750 C plus hasse que celle prise k Chamonix 2. 
La comparaison des deux series de temperatures montre que 
les temperatures maxima different de celles de Chamonix de bien 
plus que 0,875' C, c'est-a-dire que les temperatures maximum de la 
vallee proglaciaire sont beaucoup plus basses que la courbe des 
temperatures en altitude ne le laissait supposer. Les temperatures 
1 Les elements d'information furent gracleusement fournis par le P. S. H. M. de Chamonix. 
' (hi - h2) 0,5 : 100, lorsque hl =1 225 m (altitude de ]a vallee progla- ciaire du glacier des Bossons), et h2 =1 050 m (Chamonix). 
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minima, par contre, different souvent de moins de 0,875° C, et peuvent 
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Fig. 3. - Ecart entre les temperatures proglaciaires et celles de Chamonix. 
L'influence glaciaire semble plus efficace pour reduire les tem- 
peratures les plus elevees. La temperature moyenne de la vallee pro- 
glaciaire pendant les periodes enregistrees n'a jamais depasse 16,5° C, 
alors qu'ä Chamonix les temperatures montaient jusqu'ä 29° C. Le 
glacier reduit les temperatures de la vallee grata au mouvement d'air 
plus froid descendant du glacier et ä ses courants Wean de fonte. 
Plus la temperature est elevee dans la vallee de Chamonix, plus grande 
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est la difference de temperature entre. cette vallee et la vallee pro- 
glaciaire. Les vents froids soufflent du haut de la montagne et rem- 
placent l'air chaud qui s'eleve au-dessus de la vallee de Chamonix, 
et plus la courbe de temperature est importante, plus ces vents sont 
puissants. Les vents, ä leur tour, ont pour but de reduire encore plus 
les temperatures, done de renforcer le fort gradient de temperature. 
Les temperatures minima de la vallee proglaciaire sont genera- 
lement tres similaires de celles de Chamonix et peuvent etre plus 
chaudes que prevues. On ne sait pas encore si les temperatures 
minima sont plus hauten que partout ailleurs sur les flancs de Ia 
montagne, oft il n'y. a pas d'influence glaciaire. Lorsque la tempera- 
ture de la vallee proglaciaire baisse, ou se trouve aux environs de 
00 C, l'air du glacier semble en mesure de la relever, car la tempL- 
rature de l'air « glaciaire x se caracterise par des extremes pen 
eloignes avee une moyenne relativement basse et constante tout au 
long de l'annee. 
Variations ä l'interieur de la vallee proglaciaire. 
Les enregistrements de temperatures pris sur les sites des neuf 
thermometres montrent qu'il ya une nette elevation de temperature 
A mesure que l'eloignement du glacier s'accroit (tableau 1). Le coeffi- 
cient de correlation 3 des temperatures avec la distance du glacier est 
de + 0,92 en avril, et de + 0,71 en juillet. Cependant l'accroissement 
de temperature n'est pas forcement A tendance lineaire, puisque cet 
accroissement de temperature est le plus accentue ä moins de 40 m de 
la marge glaciaire. Au-delä de cette distance, les temperatures tendent 
ä s'unifier jusqu'ä 200 in de la marge glaciaire, et au-del' de ces 
200 m, survient une caracteristique interessante. Au site 7 (A 218 m 
de la marge glaciaire) les temperatures moyennes sont toujours envi- 
ron 3 degres C plus basses qu'aux autres sites 4. Cc site s'etend au-delä 
de la zone dans laquelle les temperatures nocturnes minima sont 
relevees, rechaufees par l'air du glacier, de sorte que les temperatures 
minima sont beaucoup plus basses qu'ailleurs. Les temperatures 
maxima, cependant, ne sont pas encore plus elevees qu'ailleurs. Ceci 
est dA au fait que les vents diurnes qui soufflent en provenance du 
glacier sont plus puissants que ceux qui soufflent la nuit, de sorte 
que l'influence glaciaire s'etend jusqu'au-delä de 200 in pendant le 
jour, mais se retire pendant la nuit. Done les temperatures diurnes 
maxima sont reduites par fair du glacier, tandis que les temperatures 
Fonde sur la regression lineaire. 
Ces observations ne furent malheureusement pas completees totalement, 
car le thermometre fut vole par des vandales. 
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nocturnes minima sont reduites par le refroidissement radiatif nor- 
mal, faisant de cc site l'un des plus froids de la vallee, en depit de 
son eloignement de la glace. 
TABLEAU I 
Temperature moyenne 
de chaque point d'enregistrement thermometrique 
dans la vallee proglaciaire du glacier des Bossons 
Avril Juillet 
Point d'enregistrement Distance Distance thermometrique 
en metres en metres (voir carte fig. 1) depuis Temperature depuis Temperature 
la urarge moyenne la urarge moyenne 
glaciaire glaciaire 
1 ..................... 6 6,64 6,6 10,47 2 ..................... 18 7,29 18 11,24 3 ................. 33 7,12 40,8 12,20 3T (thermographe) ... 33 7,19 40,8 12,67 4 ..................... 48 7,46 43,8 12,08 5 ..................... 76,5 7,74 75,6 12,02 6 ..................... 127,5 8,01 111,6 13,33 7 ...... 217,5 4,28 218,7 8,58 8 (moraine laterale orien- 
tale) ....... 30 7,24 14,4 13,26 9 (moraine laterale occi- 
dentale) ............. 40,5 7,27 40,2 13,41 
'Les variations atmospheriques journalieres affectent egalement 
les differentes temperatures que l'on trouve dans la vallee proglaciaire. 
Les temperatures extremes les plus fortes se produisent pendant les 
periodes de temps clair. Une journee chaude suivie d'une nuit claire 
signifie qu'unc radiation solaire a grande onde West pas entrav6e, et 
produit tine variation maximum de temperatures. Pendant les 
journees humides on grises, les temperatures sont plus uniformes, et 
la variation de temperature est par consequent beaucoup moins 
importante (fig. 4). 
Les modeles de courbes de temperature de la vallee sont egale- 
ment d'un grand interet. Le taux de changement de temperature 
selon l'eloignement du glacier forme une courbe moyenne de 0,011 °C 
par metre en avril, et une courbe beaucoup plus raide de 0,027" C 
par metre en juillet (cf. respectivement 1,1° C/100 m et 2,7° C/100 m). 
La courbe de temperature attendue dans la vallee proglaciaire, fondee 
sur les differences d'altitude, est de 0,016° C par metre, sans tenir 
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Les mesures indiquent egalement que pendant les fours nuageux, 
lorsque les temperatures tombent 'a environ + 2° C, il n'y a pas de 
courbe de temperatures, de sorte que les temperatures pres du glacier 
sont semblables ä celles du reste de la valIee proglaciaire. Lorsque 
les temperatures tombent au-dessous de 1 on 0° C, il peat memo 
exister une temperature negative, lorsque les temperatures sont plus 
chaudes pres du glacier que lorsqu'on s'en eloigne. L'air du glacier 
maintient les temperatures aussi pres possible de 0° C, et par conse- 
quent il elevera les temperatures basses aussi bien qu'il limitera 
les hautes. 
Les observations de temperature faites sur les moraines laterales 
(thermometres 8 et 9 sur fig. 1) suggerent que l'on ne trouve pas 
une Brande difference de temperatures sur le has des pentes faisant 
face au Nord-Est et au Sud-Ouest. Le versant faisant face au Sud- 
Ouest eprouve, cependant, des temperatures extremes legerement 
plus importantes. Des differences du taux de fonte de neige, et la 
frequence des cycles de gelee, par exemple entre les deux pentes, 
peuvent par consequent etre importantes. Les petits contrastes du 
climat et de la duree de la neige restante sur le sol, entre les deux 
versants peuvent expliquer les differences Wangle moyen de pente, 
de 26° sur la moraine orientale et de 31° sur la moraine occidentale, 
Landis que la frequente plus haute des cycles de gelee, en particulier, 
supporteraient 1'evidence d'une plus importante desintegration des 
roclies en fractions plus fines qui caracterisent la moraine orientale. 
Cette moraine faisant face au Sud-Ouest est composee de plus de 
50 % de granit, compare 5 plus de 90 % de schistes sur le versant 
plus escarpe de la moraine faisant face au Nord-Est. Des mesures 
out montre aussi qu'il ya entre 5 et 11 % de matiere de moins de 
1 ou 2 mm de diametre sur la moraine de granit, alors qu'il y en a 
moins de 2% sur la moraine schistique. Ces contrastes peuvent 
egalement etre provoques par le fait que 1'erosion mecanique et 
chimique de la protogine petit eire plus efficace que celle du schiste. 
C) Developpement de ('erosion et du sol. 
Lorsqu'un glacier se retire, il laisse une zone de debris gla- 
ciaires, formes de roches de fond ä 1'etat brut, et brisees. Au tours 
des annees, leur exposition aux conditions atmospheriques mene au 
developpement general et a la modification progressive de ces depots 
riches en mineraux, de fagon A former un terrain bien humidifie et 
propre ä la vegetation (voir P. Girardin, 1902; A. Persson, 1964; 
Mme A. Stork, 1963, et L. A. Viereck, 1966). L'un des premiers 
procedes les plus importants de formation du sol est 1'extraction des 
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mineraux solubles, tels que le calcium. La suppression progressive du 
calcium a eventuellement 1'efiet mesurable de reduire l'alcalinite du 
a substratum ». 
L'alcalinite de 193 echantillons, pour la plupart provenant de 
parties de sediments on de moraines du glacier des Bossons, non 
recouvertes de vegetation, a ete mesuree avec un compteur pH de la 
marque Pye 5. Le but recherche en determinant les valeurs pH de ces 
depots etait de decouvrir le taux de changement du pH suivant la 
distance oü l'on se trouve du glacier (fig. 5). Sur la moraine laterale, 
la distance etait reliee au temps d'exposition hors de la couverture 
glaciaire, de sorte que les valeurs pH representaient les taux de chan- 
gement an cours du temps, de meme qu'au tours de la distance. 
La moraine latfrale occidentale possede un pH initial eleve de 
7,5 a 8,0 pros de la marge glaciaire. Au-dela d'une distance de 230 m, 
le pH tombe et devient acide entre 6,0 et 6,5. Le coefficient de corre- 
lation du changement de pH selon la distance etait de 0,82, faisant 
naitre l'idee que I'accroissement en acidite de la hasse vallee etait 
significatif. La moraine laterale orientale est acide initialement avec 
une valeur pH de 6,5, et fluctue sans tendance marquee vers 1'extre- 
mite nord de la vallee, '' cause de la quantite limitee de calcium 
soluble sur cette pente granitique. A partir de 180 m dans la direction 
du Nord, quelques-uns des sites echantillons sur les deux moraines 
etaient couverts de vegetation, de sorte que leurs valeurs pli suivent 
des modeles semblables d'accroissement d'acidite. La transition entre 
la moraine occidentale alcaline et la moraine orientale acide se 
remarque le plus nettement dans les valeurs pH trouvees sur la 
moraine terminale de 1971, oft le pH est de 7,0 ä 7,5 a 1'Ouest, et de 
6,0 ä 6,5 ä 1'Est. Ces valeurs representent 1'acidite initiale des depots 
bruts, non modifies, et les variations peuvent en grande partie We 
attribuees 5 1'extraction progressive de calcium et 5 la colonisation 
de la vegetation au tours des annees. 
Les valeurs pH des sediments fluvioglaciaires fluctuent sans cesse 
en has de la vallee, et puisque la distribution de frequente de ces 
valeurs est seulement biaisee de facon minime, les valeurs repre- 
sentent un echantillon presque normal, fait au hasard, avec une valeur 
pH moyenne de 6,73. Les echantillons souterrains, pris ä partir de 
10 cm sous la surface du sol, etaient plus acides que leers equivalents 
en surface, avec une valeur pH moyenne de 6,41. La plus Brande 
acidite du sous-sol est due ä: 1° la saturation par l'eau de fonte 
acide, puisque le niveau hydrostatique etait normalement ä moins 
5 Avec 1'aimable permission de Wye College, Universite de Londres. 
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de 15 cm sous le sol et 2° 5 l'erosion souterraine des limons et des 
argiles par le courant d'eau souterraine, qui resulte en un residu de 
quartz resistant, riche en silice, contribuant ä 1'acidite du depot. 
L'acidite des sediments deposes par les eaux de fusion semble n'avoir 
aucun modele dans 1'espace ou dans le temps sur le fond de la 
vallee a. L'acidite est influencee localement par differents facteurs 
qui comprennent la composition de la matiere, le degre et la frequente 
de saturation et d'inondation, et la quantite de vegetation qui a pu 
coloniser les sites les plus uniformes. La plupart des sediments du 
fond de la vallee sont trop instables pour permettre 1'extraction 
graduelle et progressive au tours du temps, car ils ont tendance ä titre 
erodes de facon selective, retransportes ou reconverts de nouveaux 
depots. Sur les moraines laterales et la moraine terminale precedente, 
cepe, ndant, le developpement du sol a progresse, comme 1'indique le 
changement de pH, vers un sous-sol convenablement acide, et la vege- 
tation a colonise avec succes de nombreuses zones. 
D) Le developpement de la vegetation. 
La discussion sur les temperatures proglaciaires indique que les 
temperatures ne fournissent pas ä la vegetation des conditions de 
croissance particulierement hostiles, en depit de la proximite de la 
glace. Les temperatures minima pendant la saison de croissance vege- 
tale ne different pas tellement de celles de Ia vallee de Chamonix, 
tandis que les temperatures maxima sont legerement reduites. 11 ya 
egalement pour les plantes un approvisionnement assez abondant, 
provenant ä la fois des precipitations et de l'eau de fonte, et le 
developpement du sol en de nombreux endroits de la vallee a conduit 
A la colonisation vegetale. Les principaux caracteres adverses de 1'en- 
vironnement vegetal se composent des vents puissants et froids descen- 
dant dans la vallee, de l'instabilite du « substratum » et du niveau 
hydraulique eleve avec inondation occasionnelle des parties les plus 
elevees du fond de la vallee. 
Une fois que la vegetation est etablie, chaque annee verra 
s'accroitre la couverture vegetale West-ä-dire que de nouvelles zones 
seront colonisees), la densite de vegetation et le nombre d'especes 
presentes. Une carte de toutes les zones recouvertes de vegetation 
dans la vallee proglaciaire fut dressee en aofit 1969, puls en juillet 
1971. En 1971 on distinguait un accroissement notable du pourcen- 
tage de couverture vegetale sur les moraines, et virtuellement toutes 
Une analyse de surface dirigee qui doit etre entreprise fournira silrement 
plus de details sur les variations spatiales de l'acidit6 des sediments. 
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les pcntes des moraines et une partie des sediments deposes par les 
caux dc fusion etaient colonises par des plants eparpilles. Les especes 
pionni6res principales stir les versants eleves et plus stables des sedi- 
ntents comprenaient le Trifolium repens, le Saxifraga aizoides, 
l'Agroslis stolonifera, 1'Epilobium Dodonaci, et des pousses de l'Alnus 
incana, du Salix cinerea et du Betula pendula. 
La settle zone de vegetation qui n'existait plus se trouvait sur la 
partie de la moraine laterale orientate qui avait ete recouverte par 
le glacier an cours de son avance. En depit de cette recente avance 
du glacier (plus de 70 m entre 1969 et 1971), la proximite de la glace 
n'a Cu attctine incidence apparente sur la colonisation continue et 
stir l'avance des fronts de vegetation ailleurs dans la vall6e. Cc West 
tlu'i tluelques metres de la marge glaciaire que les conditions dc 
croissance des plantes deviennent impossibles. 
Les etudes de la vegetation, reliees aux mesures de l'acidite, out 
donne quelques itlees stir la longueur de temps pendant laquelle les 
differentes regions proglaciaires ont ete debarrassees de la couverture 
glaciaire. La dendrochronologie (cf. D. B. Lawrence, 1950), c'est-ä-dire 
la methode consistant A compter les anneaux de croissance annuelle 
des arbres, a ete tout specialement utile pour fournir I'äge des 
moraines terminates precedentes a l'interieur de la vallee 7. La 
moraine terminate situee le plus au Nord, ä 225 in de la marge 
glaciaire en juillet 1971, a pit de cette fagon etre retracee jusqu'a 
environ 1940, et la moraine terminate centrale jusqu'ä environ 1945. 
Ces dates intliquent la periode iA laquelle la glace a quitte ces sites 
et suggCrent l'ecbelle de temps probable d'environ 30 ans pour les 
cbangements d'acidite et pour le developpement de la couverture 
vegetale actuelle. Stir la moraine occidentale, par exemple, 1'accrois- 
sement d'acidite de 2,0 to 2,5 unites pH pent avoir pris place an cours 
de ces 30 derniCres annees. Cependant il faut se souvenir que, depuis 
sa premiere formation, cette moraine a ete modiiee par un certain 
nombre d'avances glaciaires. 
L'ensentble de ces mesures et certains aspects d'information 
fournis par 11. Kinzl (cf. 11. Iiinzl, 1932) out permis l'elaboration 
d'une carte experimentale des zones principales de vegetation (fig. 6). 
La vegetation proglaciaire discutee ci-dessus est consideree comme 
la zone la plus proche du glacier, en tant que developpee iepuis 1940 
environ, d'oit le terme c vegetation posterieure A 1940 '. La seconde 
zone date d'environ 1890-1895, lorsque le front du glacier s'etendait 
environ G50 in plus loin en eontrebas clans la vallee qu'en 1956, l'annee 
I Une foreuse d'accroissement suedoise fut utilisee pour extraire des noyaux 
de Larlr decidua se trouvant dans la vallee proglaclaire. 
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position de la marge glaciaire, la formation et le developpement des 
moraines et les variations morphologiques A l'interieur de la vallee 
proglaciaire. Le gcomorphologue pent egalement observer et enre- 
gistrer le developpement de la rocke de fond brisee en morceaux an 
cours du processes de formation des sols reconverts de vegetation. 
Sur le mýme plan que les observations gcologiques et meteorologiques, 
lcs principaux traits caracteristiques de 1'environnement proglaciaire 
commencent A titre reconnus. Les mesures des caracteristiques 
chimiques du t substratum s et l'Age maximum de vegetation per- 
mettent an geomorphologue d'etablir la periode approximative ä 
laquelle le depot a WS debarrassc de la glace. De cette facon, on petit 
non settlement estimer Pechelle de temps au cours de laquelle les 
procctd6s glaclaires, fluvio-glaciaires, chimiques et vegetaux ont agi 
afin de produire 1'environnement proglaciaire que l'on observe 
aujourd'hui, mais encore tenter de resumer sommairement l'äge de la 
vCgCtation en reliant les zones de vegetation proglaciaire aux fluctua- 
tions postglaciaires. 
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